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Abstract 
Water supply systems are among the most important infrastructure in every 
society. Decreased availability of potable water accompanied with higher water 
demand in the projected hotter future climate will exert pressure on water supply 
systems and may lead to failure in delivering sufficient water of acceptable quality. 
The extent and importance of projected future changes in quality and quantity of 
water highlights the need for accurate assessment of the ability of current water 
supply systems to face climate change as well as the risk of failure in the future.  
Arguably, water supply systems have been designed based on historical 
conditions and may fit the current climate conditions, but may intrinsically be unable 
to accommodate changes in the quality and quantity of inflow water and water 
demand because of climate change. The ability of water supply systems to withstand 
these changes and still deliver sufficient water of acceptable quality can be defined as 
resilience. In addition, quick recovery after failure can also be attributed to the 
resilient behaviour of the system. Resilience is a characteristic of a system that 
makes the system more tolerant to pressures and provides degrees of assurance of 
quick recovery after a failure event.  
An appropriate measure of resilience can be a tool to assess the ability of water 
supply systems to absorb the pressure of changing climate while sustaining supply, 
and their speed of recovery in case of failure. A number of researchers have 
suggested mathematical measures of resilience (Fiering, 1982a, 1982b; Hashimoto et 
al., 1982; Moy et al., 1986; Srinivasan et al., 1999). However, there is still a need for 
a robust measure of resilience that can provide an estimate of system behaviour 
under pressure.     
The approach of this study was based on defining resilience as the ability of a 
system to absorb pressure without going into failure state, as well as its ability to 
achieve an acceptable level of function quickly after failure. In order to present this 
definition in the form of a mathematical function, available methods for estimating 
the resilience of a water supply system were investigated, and advantages as well as 
disadvantages of each method are discussed. A novel approach was proposed to 
assess the resilience of water reservoirs based on improvements to the mathematical 
resilience measures commonly proposed in research literature.  
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North Pine catchment was selected as the case study area based on predefined 
selection criteria. Desktop studies were undertaken for collecting the required data 
for this study. A step-by-step approach was adopted to estimate resilience of the 
selected case study system. The proposed approach included estimation of the future 
quality and quantity of water provided by the storage reservoir under the impacts of 
climate change. Hydrologic modelling was selected as an appropriate method for 
estimating future inflow to a reservoir under the projections of future climate 
scenarios. Hydrologic modelling was successfully applied to project the case study 
catchment‟s (North Pine catchment) monthly runoff volume over a historical study 
period (1980-1989) as well as future study periods (2026-2035, 2046-2055 and 2066-
2075). These projections were used to estimate water volume in North Pine reservoir 
on a monthly basis, over the historical and future study periods. 
A methodology was developed for projecting future quality of water provided 
by North Pine reservoir. This methodology was developed, based on the selection of 
rainfall erosion index as the main representative of impacts of climate change on the 
load of sediments and pollutants transported to reservoirs by runoff. However, the 
proposed methodology was not successful in projecting future quality of water in the 
case study reservoir. The main reason was that the monthly volume of water that the 
reservoir receives is relatively small, compared to the volume of water stored in the 
reservoir. In this case, quality of inflow cannot affect the quality of water in the 
reservoir significantly and the impact of in-lake processes such as sedimentation, 
stratification and eutrophication will be more significant on the quality of water in 
the reservoir. Furthermore, averaging the rainfall erosion index over the case study 
catchment could be a source of inaccuracy in estimations, as different parts of the 
catchment have high variations in monthly REI values. In addition, considering just 
the erosive power of rainfall as the key factor that affects soil erosion and water 
quality, and disregarding the impacts of other factors such as soil characteristics, 
vegetation cover, topographic characteristics of the catchment and management 
approaches, might be another source of error in estimations. Therefore, water quality 
was excluded from the resilience study and the case study water supply system‟s 
resilience was assessed only from a water quantity point of view. 
The improved resilience measure was then applied on future projections of 
monthly water volume in North Pine reservoir to estimate the resilience of this water 
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supply system under the future climate conditions. In addition, resilience of North 
Pine reservoir over the historical study period was estimated using the improved 
resilience measure. The resilience measures suggested in the research literature were 
also used to project resilience of North Pine reservoir over both future and historical 
study periods. The results were compared with estimations of the improved resilience 
measure and the strengths of this novel approach were underlined. 
The approach adapted in this study, including applying the improved resilience 
measure for assessing resilience of water storages, will enable a comprehensive 
understanding of the functioning of water storage reservoirs under future climate 
scenarios. It can also be a robust tool to predict future challenges faced by water 
supply systems under the consequence of climate change. This methodology can be 
applied to any generic water supply system with only one reservoir and with good 
availability of climate and streamflow data, for the purpose of hydrologic modelling. 
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Chapter 1: Introduction 
1.1 BACK GROUND 
Water supply systems are among the critical infrastructure in every society, in 
that they serve to provide water of acceptable quality and quantity for domestic, 
industrial and commercial uses. The quantity and quality of water provided by the 
system is a function of system capacity, water demand, a system‟s service standards 
and the quality and quantity of inflow to the system. 
Climate change can alter the hydrological cycle and may consequently affect 
the quantity and quality of inflow to water supply systems. In addition, water demand 
may increase in a hotter future climate. Water supply systems are commonly 
designed based on estimations of the quality and quantity of inflow water as well as 
water demand, under the current climate condition. Therefore, they may intrinsically 
be unable to accommodate impacts of climate change on the quality and quantity of 
inflow water as well as water demand. Pressures of new climate conditions on water 
supply systems may lead to a system‟s failure in delivering sufficient water, both of 
acceptable quality and meeting service standards.  
Assessing the functionality of a water supply system under the impacts of 
climate change can provide insight to the probability of system failure under future 
climate conditions. Having an understanding of the probability of failure can provide 
the opportunity for adapting appropriate management approaches to mitigate the 
adverse impacts of climate change on the system and prevent failure. In addition, an 
appropriate method of assessing system functionality can provide estimations of the 
length of failure period and its consequences. It can assist communities to prepare for 
the predicted failure and adapt adequate measures to minimise its consequences. 
1.2 RESEARCH PROBLEM 
Resilience is a characteristic of a system that makes the system more tolerant to 
pressures and disturbances and provides an estimation of the ability for rapid 
recovery after a failure event or possibility of providing continuing operation at a 
lower level than the accepted optimum. An appropriate measure of resilience can 
assist in assessing the ability of water supply systems to absorb the pressure from a 
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changing climate while sustaining supply under increased demand pressure, and their 
speed of recovery in case of failure. Assessing resilience under the effect of climate 
change will provide the opportunity to take adaptive measures and approaches in 
order to minimise the risk of failure as well as cost and time of recovery after failure. 
However, there is still a need for a robust measure of resilience that can provide an 
estimate of system capability under different pressures.  
In the management of water supply systems, having insight into the probability 
of failure gives the opportunity to adapt management policies and approaches to the 
future climate condition in order to avoid failure as much as possible. In the case of 
inevitable failure, having an understanding of the length and characteristics of the 
failure event and its expected consequences is necessary to minimise recovery time, 
economic losses and psychological consequences of failure on the community. A 
number of researchers have suggested measures in the form of mathematical 
expressions for assessing resilience of water supply systems. Some of these 
resilience measures were developed, based on defining resilience as the ability of a 
system to recover after failure, while some other measures consider resilience as the 
ability of a system to absorb pressures. However, these current measures of resilience 
are limited in reflecting the characteristics of a resilient system in terms of both 
absorbing pressures and recovery after failure, simultaneously.  
In this regard, future functionality of water supply systems under the impact of 
climate change should be projected, and the linkage between system functionality 
and resilience should be investigated. This research project presents a robust 
approach for predicting future resilience of a water supply system under the impact 
of climate change. This approach can be utilised to better inform the management of 
a water supply system under future climate scenarios, and can also be a robust tool to 
predict future challenges faced by water supply systems under the impacts of climate 
change. 
1.3 AIMS AND OBJECTIVES 
Aims 
The main aims of this study were: 
 To identify the critical factors that represent impacts of climate change on 
the functionality of water supply systems and can affect their resilience, by 
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considering the interdependencies between different sub-systems of a 
water supply system; 
 Develop an approach for projecting the future quality and quantity of 
water provided by water supply systems under the impact of climate 
change. 
Objectives 
The primary objective of this study was to identify an improved measure to 
evaluate the resilience of water supply systems in the form of a mathematical 
expression that can assist in assessing future functionality of water supply systems 
under the impacts of climate change. 
1.4 SCOPE 
This research study included development of an approach for investigating 
resilience of water supply systems under the impacts of climate change.  
 The study was undertaken on a case study basis. However, the approach 
developed for assessing resilience of the case study water supply system 
under the future climate condition is applicable to a generic water supply 
system with only one reservoir and good availability of streamflow and 
meteorological data for the purpose of hydrologic modelling. 
 This study provided an approach for assessing resilience of a water supply 
system from both water quality and water quantity perspectives. 
 In this study only the impacts of climate change on the quality and 
quantity of water provided by surface water resources were investigated 
and the impacts of climate change on groundwater resources were not 
studied. 
 Hydrologic modelling was considered as an appropriate tool to predict 
future availability of water provided by surface water resources.  
 Impacts of management and adaptive approaches in coping with the 
negative impacts of climate change on the functionality of water supply 
systems were not considered in this study. 
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 It was assumed that water demand will remain unchanged over the future 
study periods. Therefore, impact of increased demand due to population 
growth and climate change, on the future functionality of water was not 
investigated. 
 Assessing the functionality of water treatment plants and water distribution 
systems under the future climate condition was not within the scope of this 
study. 
 Quality of water provided by the water supply systems was considered a 
function of the quality of water entering the reservoir. Assessment of 
impacts of natural processes such as algal blooms, eutrophication and 
stratification that affect the quality of water in the reservoir was not within 
the scope of this project. 
 Water quality analysis was only focused on three water quality parameters 
namely TP, TN and TSS and other water pollutants were not investigated. 
 In assessing the impact of rainfall on soil erosion and transport of 
pollutants to the reservoir, only the erosive power of rainfall was 
investigated and the impact of other factors such as soil characteristics, 
vegetation cover and topography of the area were not investigated. 
 Future climate data for the study area were sourced from the available 
resources. Generating the future climate data through use of climate 
models was not within the scope of this study. 
1.5 RESEARCH HYPOTHESIS 
 Climate change will affect the future quality and quantity of water 
provided by water resources and will in turn impact the functionality of 
water supply systems.  
 Future quality and quantity of water provided by a generic water supply 
system can be predicted using computer models. These models can be used 
replicate the hydrological processes in a catchment under future climate 
scenarios. 
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 Resilience can be a measure of the system‟s functionality under the 
impacts of pressures. Therefore, predictions of future resilience of a 
generic water supply system will provide the ability for assessing system‟s 
capacity to cope with the pressures of climate change. 
1.6 SIGNIFICANCE AND JUSTIFICATION OF THE RESEARCH 
The significance of the impacts of climate change on the future quality and 
quantity of water provided by water resources underlines the necessity for assessing 
the future functionality of water supply systems. Resilience can be a tool for 
assessing the ability of a water supply system to meet service standards under the 
future climate conditions. An effective means to evaluate resilience will provide an 
insight to the system‟s ability to deal with demand pressures and external 
disturbances of climate change. An appropriate measure of resilience can also 
provide information of the characteristics of a probable failure event, so that the 
community can get prepared for dealing with the probable failure to minimise the 
consequences of such a disaster.    
1.7 INNOVATION AND CONTRIBUTION TO KNOWLEDGE 
Although several past studies have attempted to propose surrogate measures of 
resilience in the form of mathematical equations, the study outcomes are limited 
because the proposed resilience measures are not able to reflect the ability of a water 
supply system to absorb pressures without failing, as well as its capability to recover 
after failure, simultaneously. The study approach was based on defining resilience as 
the ability of a system to absorb pressure without going into failure state as well as 
its ability to achieve an acceptable level of function quickly after failure. In order to 
present this definition in the form of a mathematical function, an improved measure 
of resilience is proposed in this study. In addition, a step-by-step approach to 
estimate resilience of a water storage reservoir was presented. This approach will 
enable a comprehensive understanding of the functioning of a water supply system 
under future climate scenarios and can also be a robust tool to predict challenges 
faced by water supply systems under the future climate conditions. 
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1.8 OUTLINE OF THE THESIS  
This thesis consists of 10 chapters. Chapter 1 introduces the research problem, 
the aim and objectives and scope of the project. Chapter 1 also provides an overview 
of the research study. A state-of-the-art literature review on the impacts of climate 
change on the quality and quantity of water is presented in Chapter 2, and in Chapter 
3, focus is on the resilience concept and its application to water supply systems. 
Research methods and design are presented in Chapter 4. The methodology 
section has included a literature review, assessing the interdependencies in a generic 
water supply system and method for selection of influential climate variables on the 
functionality of a generic water supply system. In addition, an overview of the case 
study area selected and the selection criteria used is presented in Chapter 4. This 
chapter also introduces the approach for predicting future functionality of the case 
study system.  
The external factors as well as the internal interdependencies that affect the 
quality and quantity of water provided by water supply systems are discussed in 
Chapter 5. From the results of this investigation, key factors that represent impacts of 
climate change and may affect the future quality and quantity of water provided by 
water supply systems, were selected. 
The selected case study area is introduced in Chapter 6 and baseline 
information on the area including data on climate, land use, meteorological and 
streamflow stations and availability of future climate data are presented. Chapters 7 
and 8 present the methods and tools used for predicting the future quality and 
quantity of water provided by the case study system. The outcomes of the analysis of 
the system for the future climate data and predictions of the future functionality of 
the study system are also presented in these two chapters. 
In Chapter 9, an improved measure of resilience in the form of a mathematical 
equation is discussed. Using the proposed equation, current and future resilience of 
the case study system were assessed. Estimations of resilience of the case study 
system based on the proposed equation were compared with the estimations of 
resilience based on the measures available in the research literature, to assess the 
strengths and weaknesses of the proposed resilience measure. In addition, based on 
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the findings of this study, applicability of the proposed method for assessing 
resilience of a generic water supply system is discussed. 
Conclusions and recommendations for future research are provided in Chapter 
10.    
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Chapter 2: Climate Change and its Impacts 
on Water Resources 
2.1 BACKGROUND    
In recent years, the adverse impacts of climate change on the environment are 
beginning to be understood. Climate change can be defined as “a change in the state 
of the climate that can be identified (e.g., by using statistical tests) due to changes in 
the mean and/or the variability of its properties and that persists for an extended 
period, typically decades or longer” (GWPF, 2013). Climate change can significantly 
affect the ability of water supply systems in providing sufficient water of acceptable 
quality through changing climate variables such as temperature, precipitation and 
evaporation. Changes in climate variables due to climate change are projected to be 
more significant in the future (IPCC, 2001). Providing safe and sufficient water is 
important to sustain life, for human well-being and for economic prosperity. In 
addition, access to safe drinking water has been declared a basic human right by the 
United Nations (United Nations, 2013). Therefore, it is important to assess the 
possible impacts of climate change on water supply systems and safeguard them 
against future climate conditions. 
The primary purpose of this study was to assess the future functionality of 
water supply systems in providing service demand and standards under the future 
climate condition. In order to assess the impacts of climate change on the 
functionality of water supply systems, the first step is to investigate the extent and 
pattern of change in climate variables due to this phenomenon. In this section, causes 
of climate change as well as observed and projected future changes of climate 
variables are discussed. In addition, projected impacts of climate change on the 
future water demand as well as the future quality and quantity of water from global 
and Australian overviews are investigated.  
2.2 BACKGROUND TO CLIMATE CHANGE 
According to the definition provided by the Intergovernmental Panel on 
Climate Change (IPCC), climate is the "average weather", or “the statistical 
description in terms of mean and variability of relevant planetary surface variables 
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such as temperature, precipitation and wind”. These variables can be averaged over a 
period ranging from months to thousands or millions of years. However, the typical 
classical period is defined as 30 years by the World Meteorological Organization 
(WMO). Any change in the average variability of these parameters are defined as 
climate change, provided that these changes persist for at least a decade (IPCC, 
2007b).  
Climate is the result of balance between the shortwave radiation absorbed by 
earth and the longwave radiation emitted from the earth and atmosphere (Seinfeld, 
2011). Figure 2-1 demonstrates the earth‟s energy balance on an annual basis. Gases 
that trap heat in the atmosphere and keep the earth warm are called greenhouse gases 
(EPA, 2013). Increased concentration of greenhouse gases alters the balance in the 
earth‟s energy system. Sunlight warms the earth surface and then radiates back to the 
atmosphere. Greenhouse gases absorb the outgoing sunlight heat and re-emit it in all 
directions causing the earth surface temperature to increase (NASA, 2013). 
 
Figure 2-1: Earth‟s energy balance on an annual-average basis (Trenberth et al., 2009) 
Debates on climate change date back to the 19
th
 century. Fourier, a French 
mathematician, was the first to introduce the concept of “greenhouse effect” in 1827. 
He suggested that greenhouse gases absorb the planetary radiation of sun‟s heat and 
prevent it from being radiated into space, which otherwise would make the earth not 
liveable because of the resulting intolerably low temperature. Water vapour, carbon 
dioxide and methane are examples of greenhouse gases (King, 2005). 
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According to IPCC (2001), greenhouse gases generated by human activities 
such as carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
chlorofluoromethanes (CFC11 and CFC12), hydrofluoro-carbon-23(HFC-23) and 
perfluoromethane (CF4) have been the main cause of global warming. The 
atmospheric concentration of CO2 has had an increase of 31% since 1750 and has 
reached its maximum level during the past 420,000 years. About 75% of the CO2 
emission during the past 20 years is the result of burning fossil fuels and the rest is 
related to land use changes and deforestation. Concentration of other greenhouse 
gases has also changed dramatically during the past centuries. As an example, 
concentration of methane (CH4) has increased by 151% since 1750. Because of the 
long lifetime of greenhouse gases, their emission has a persisting effect on climate. 
Even after stabilization of greenhouse gases at the present level, global warming will 
continue for hundreds of years. 
2.3 IMPACTS OF CLIMATE CHANGE: GLOBAL OVERVIEW 
In order to assess the impacts of climate change on the future quality and 
quantity of water provided by surface and ground water resources, the extent and 
pattern of change of climate variables due to climate change should be investigated. 
Among climate variables, changes in temperature, potential evaporation and amount 
and intensity of rainfall are expected to have the most significant impact on the 
future quality and availability of water (see Sections 2.5 and 2.6).  
According to the report by IPCC (2001), global average surface temperature 
(the average of near surface air temperature over land and sea surface) had an 
increase of 0.6 ± 0.2°C, over the 20
th
 century. Figure 2-2 shows anomalies in global 
average annual surface temperature over the period from 1861 to 2001. Analysing 
the available climate data by IPCC (2001), indicated that the 20
th
 century had the 
most increase in temperature over the last millennium and 1990s and 1998 were the 
warmest decade and year respectively in the Northern Hemisphere. In the period 
between 1950 and 1993, the day-time and night-time maximum air temperature have 
increased at the rate of 0.1°C and 0.2°C per decade respectively.  
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Figure 2-2: Average annual surface temperature anomalies (°C), 1861 to 2000 relative to 1961 to 1990 
(IPCC, 2001) 
Regional patterns of temperature change over the 20
th
 century are shown in 
Figure 2-3. As can be seen from the figure, during the first period of warming (1910 
to 1945), the temperature rise was mostly evident in the North Atlantic. The highest 
rise in temperature in the second warming period (1976 to 1999) mainly occurred in 
mid and high latitudes of the Northern Hemisphere although the warming trend was 
nearly global. Between 1946 and 1975, warming occurred primarily in the Southern 
Hemisphere while the Northern Atlantic and most parts of the Northern Hemisphere 
witnessed a decline in the average annual temperature (IPCC, 2001). 
Climate change can occur as a result of external factors (both natural and 
anthropogenic) and internal changes within the climate system, such as variations in 
the strength of incoming solar radiation. Climate change can also be caused by 
complex interactions between various components of the climate system. The 
coupling between the atmosphere and ocean El Niño-Southern Oscillation (ENSO) 
phenomenon is an example of these interactions (IPCC, 2001). However, global 
climate change over the past 50 years cannot be solely attributed to internal 
variability and interactions in the climate system and is very likely considered to be 
the result of the increase in greenhouse gas concentrations due to anthropogenic 
activities (IPCC, 2007a).  
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Figure 2-3: Annual temperature trends for the period (a) 1901-1999, (b) 1910-1945, (c) 1946-1975, 
(d) 1976-1999 (IPCC, 2001) 
Changes in the amount and pattern of precipitation are other important impacts 
of climate change. According to IPCC (2001), over the 20
th
 century, sub-tropical 
regions of the Northern Hemisphere have experienced a decrease of 0.3% per decade 
in amount of rainfall. In contrast, high latitudes of the Northern Hemisphere as well 
as tropical areas have had a 0.5 to 1% and 0.2 to 0.3% per decade increase in average 
amounts of rainfall respectively. Over the second half of the 20
th
 century, areas of 
mid and high latitude of the Northern Hemisphere have experienced an increase of 2 
to 4% in occurrence of heavy precipitation events. Climate change can also increase 
frequency and intensity of the El Niño-Southern Oscillation phenomenon in tropical, 
sub-tropical and mid-latitude areas (IPCC, 2001). 
Sea level rise is another consequence of climate change that can affect quality 
of groundwater and surface water resources. The observed sea level rise in the 20
th
 
century has been attributed to the thermal expansion of seawater, as well as the 
significant loss of mass in glaciers and ice caps around the world due to climate 
change.  According to predictions, the mean global sea level will rise by 0.09 to 0.88 
metres by 2100 (IPCC 2001).   
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The observed pattern of change in climate variables due to global warming is 
expected to continue into the future. In order to predict future changes in climate 
variables, future concentrations of greenhouse gases need to be estimated. Emission 
scenarios provide estimates of future emissions of greenhouse gases based on 
economic, demographic and technological assumptions. Global Climate models 
(GCMs) are the best available tool for projecting future climate based on emission 
scenarios. GCMs have been developed to model earth‟s climate based on 
fundamentals of physics and conservation of mass, energy and momentum and have 
been validated using a time series of observed climate variables. The degree of 
confidence in GCMs projections is a function of temporal and spatial scales. 
Projections at coarser scales such as annual or global projections are more reliable 
than projections for finer scales such as daily or regional projections (CSIRO, 2007). 
Although projections of GCMs come with some imperfections, they are still a good 
way of gaining some understanding of the future probable changes of the climate 
variables. Projected future climate variables can then be used for predicting future 
availability and quality of water. 
The Intergovernmental Panel on Climate Change (IPCC) used 35 emission 
scenarios to project future global climate. The results projected an increase of 1.4 to 
5.8°C in the average surface temperature between 1990 and 2100. Based on the 
projections of these scenarios it is likely that summer and winter precipitation will 
increase over high-latitude regions. Winter precipitation is projected to increase over 
northern mid-latitudes, tropical Africa and Antarctica and summer precipitation is 
expected to increase in southern and eastern Asia (IPCC, 2001).  
In terms of the observed and projected changes in climate variables, Australia 
is not an exception. Climate change has altered the trend and characteristics of 
rainfall in Australia and it is expected to cause more significant changes in the future. 
It has also been observed that climate change has had an important impact on the 
mean annual temperature in Australia. The observed impacts of climate change on 
climate variables as well as the future projections for Australia are discussed in the 
next sections. 
15                                                                            Chapter 2: Climate Change and its Impacts on Water Resources 
2.4 CLIMATE CHANGE IMPACTS ON AUSTRALIA  
Climate change has significantly affected the climate variables in Australia like 
in other parts of the world. According to the technical report on climate change in 
Australia (CSIRO, 2007), the country has experienced a rise in temperature during 
the past century. Since 1910, annual mean surface temperature has increased by 
0.9ºC. Figure 2-4 shows the mean annual temperature anomalies for a 30-year 
average from 1961 to 1990. Warming since the middle of the past century is 
attributed to the increase in greenhouse gases due to anthropogenic activities. It is 
projected that by 2030, Australia‟s average surface temperature will increase about 
0.7 to 0.9 ºC in coastal areas and 1 to 1.2 ºC inland. This trend is projected to 
continue later in the century (CSIRO, 2007). According to projections, average 
annual temperature in the southeast Queensland region will have an increase of 1 to 
1.4 °C and 1.7 to 2.2 °C by 2050 under low and high emission scenarios, respectively 
(QCCCE, 2010a).  
 
Figure 2-4: Annual mean Australian temperatures taken as anomalies from the 30-year average (1961-
990). The black line is an 11-year running mean (IPCC, 2007a) 
Increased temperature will result in increased potential evaporation. Simulation 
of future annual potential evaporation has projected a significant increase all over 
Australia (CSIRO, 2007). Queensland is projected to experience an increase of 2 to 
4% and 5 to 7% in the annual potential evaporation by 2050 under the low and high 
emissions scenarios, respectively (QCCCE, 2010a). Increased future evaporation will 
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cause increased loss of water from water storage reservoirs. It will also cause 
decreased soil moisture and increase rainfall percolation into the soil and therefore 
result in decreased runoff  in the future (Pittock, 2003). Impacts of increased 
evaporation on the quantity of runoff are discussed in Section 2.5.1 in detail. 
Generally, Australia is a dry continent with most of its regions receiving less 
than 400 mm rainfall per year (Figure 2-5). Climate change can intensify the water 
scarcity problem in Australia. Investigation of historical precipitation data shows that 
during the period from 1970 to 2011, Victoria, southwest Australia, New South 
Wales and Queensland have experienced a decline in rainfall, while northwest 
Australia has experienced a wetter period. These changes can be attributed to both 
anthropogenic increase of greenhouse gases and natural climate variability (CSIRO, 
2007).  
 
Figure 2-5: Average annual rainfall of different areas of Australia (Bureau of Meteorology, 2013a) 
Figure 2-6 illustrates the changes in rainfall trend over the period of 1970 to 
2011 across Australia (Marsden and Pickering 2006). As evident from Figure 2-6, 
northeast and southeast coasts and some central parts of Australia have had the 
highest decrease in the amount of rainfall over this period. Northwest coasts and 
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central regions of Western Australia have experienced the highest increase in the 
amount of rainfall. Other regions have had almost the same precipitation with no 
significant pattern of increase or decrease. 
 
Figure 2-6: Australia‟s annual total rainfall trends from 1970 to 2011 (Bureau of Meteorology, 2013b) 
Future climate scenarios have projected little change in the amount of 
precipitation in the far north and decrease of 2% to 5% elsewhere in Australia by 
2030. These projections indicate that precipitation changes will be more significant 
later in the century (CSIRO, 2007). Decreased future rainfall in the central, western 
and southern parts of Australia, which currently receive low precipitation, may cause 
significant water availability problems in the future in these areas.   
According to projections in the context of both high and low emission 
scenarios, Queensland will experience a dryer climate in the future. Due to climate 
change, Queensland is projected to experience reduced annual number of wet days, 
longer dry periods and higher rainfall intensities in the future (QCCCE, 2010a).  
Decreased precipitation accompanied with increased evaporation will cause 
decreased availability of water in the future and may lead to the inability of water 
supply systems to meet service standards. In addition, the predicted relatively higher 
rainfall intensities will increase transport of pollutants to water resources and in turn 
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affect the quality of water provided by surface and groundwater resources. Impacts 
of climate change on quality and quantity of surface and ground water resources are 
discussed in the following sections in more detail. 
2.5 CLIMATE CHANGE AND THE HYDROLOGIC CYCLE AND 
REGIME  
Changes in the amount and pattern of precipitation can have a significant 
impact on the timing and magnitude of runoff and consequently the availability of 
surface water in the future. Climate change can also affect the recharge rate of 
groundwater resources and consequently the amount of water provided by these 
resources.  
2.5.1 Impacts of climate change on surface water resources: A global overview 
Climate change will alter the hydrologic cycle and regime and will cause 
increased frequency of floods and changes in characteristics of droughts in the future. 
These changes can happen due to change of precipitation patterns, net radiation, air 
temperature, wind speed, and relative humidity in the future climate (Nijssen et al. 
2001). At high temperature, evaporation  from land and water surfaces will increase 
(CSIRO, 2007). Increased evaporation will cause a decline in the soil‟s water storage 
content. Consequently, the absorption of precipitation to the soil will be relatively 
higher (Danish Hydraulic Institute, 2007). Therefore, for a constant amount of 
precipitation, increased evaporation and water absorption to the soil will decrease the 
amount of runoff. 
Arnell (1999) assessed impacts of climate change on hydrological regimes and 
water resources in a global scale. He used climate change scenarios developed from 
Hadley Centre climate simulation models (HadCM2 and HadCM3) to simulate 
global river flows by 2050 at a spatial resolution of 0.5×0.5° using a macro-scale 
hydrological model. According to the results of the study by Arnell (1999) for the 
HadCM2 climate model, the average amount of runoff will increase in high-latitude, 
equatorial and some subtropical areas, and will decrease in all other parts of the 
world by 2050. For the same period, the HadCM3 climate model indicates an 
increase in the amount of runoff in Southern Asia and Indian subcontinent and a 
decrease in the Amazon basin and most of the United States. Figure 2-7 shows the 
changes in the average annual runoff (mm/year) by 2050 under HadCM2 and 
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HadCM3. Changes in extreme flows follow the same pattern of change as the 
average annual runoff. Figure 2-8 shows the projected changes in the extreme flows 
under HadCM3 by 2050 (Arnell, 1999).  
 
 
Figure 2-7: Projected changes in the average annual amount of runoff by 2050 under HadCM2 and 
HadCM3 climate models (Arnell, 1999) 
 
The global study by Arnell (1999), projected significant decrease in future 
runoff over most parts of Australia but some increase over Tasmania. This study 
projected large decreases in maximum and minimum monthly runoff and higher 
future drought frequency in Australia by 2050. However, later studies on the impacts 
of climate change on water resources in Australia, showed different results indicating 
increased future runoff over some parts of New South Wales, Australian Capital 
Territory, southeast Queensland and some coastal areas. These studies are discussed 
in detail in the following section. 
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Figure 2-8: Changes in the extreme flows by 2050 under HadCM3 climate model (Arnell, 1999) 
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2.5.2 Impacts of climate change on surface water resources: An Australian 
overview 
Results of a study by Chiew (2006) on 219 catchments around Australia 
showed that 70% of the catchments will have 2.0% to 3.5% change in the amount of 
runoff due to just 1% change in the mean annual rainfall. Chiew (2006) further 
projected that these changes will be even more significant in dryer catchments.  
Several studies have projected future runoff in Australian catchments in New 
South Wales and the Australian Capital Territory (Vaze et al., 2008), Victoria (Jones 
& Durack, 2005), Western Australia (Boniecka, 2009), southeast Queensland (Cobon 
et al., 2007), South Australia (Nathan et al., 1988) and coastal catchments of 
Australia (Chiew & McMahon, 2002; Chiew et al., 1994). Projections from these 
studies are summarised in Table 2-1. As is evident from this table, different studies 
have projected different trends in change ranging from a 90% decrease to 25% 
increase over different parts of Australia. The highest reduction is projected to occur 
in southern regions of New South Wales and the Australian Capital Territory, 
Western Australia, Victoria and the South Australian gulf. Northwest regions of New 
South Wales and the Australian Capital Territory and northeast coasts are expected 
to have wetter conditions in the future. Projections for western catchments of 
southeast Queensland indicate different patterns of change ranging from significant 
increase to significant decrease based on the selected future climate scenario. 
Projections of decreased runoff and therefore decreased future availability of water in 
many parts of Australia, indicates the fact that Australian water resources and water 
supply systems may face significant challenges in providing for communities‟ water 
demand in the future climate condition. 
Climate change will also affect the frequency of extreme rainfall events. 
Whetton et al. (1993) investigated the effects of climate change on the occurrence of 
floods and droughts in Australia. Outcomes from their study demonstrated that 
climate change will increase the frequency of heavy rainfall events and decrease 
frequency of low-rainfall events in most parts of Australia. They explained that 
decreased return period of heavy rainfall events will increase the probability of 
flooding. They also suggested that drought potential will probably increase in 
southern Australia while there will not be a significant change in northern Australia. 
However, Whetton et al. (1993) stated that projections about drought are uncertain 
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and further investigations are required. Nicholls (2004) asserted that recent 
Australian droughts accompanied with higher temperature have been drier than 
previous droughts. Warmer weather could also increase water demand and 
exacerbate the drought conditions.  
CSIRO (2007) has projected longer drought periods for Australia by the end of 
century. Longer drought periods could lead to the failure of water supply reservoirs 
in meeting their service demands. Having more frequent and more prolonged failure 
events leads to a water supply system‟s lower ability in meeting service demand. 
Table 2-1: Summary of future projections of changes in runoff in Australian catchments  
Region Sub-region 2030 2050 2070 
New South Wales 
and Australian 
Capital Territory 
South 0 to -20% - - 
Northwest 0 to +20% - - 
Victoria - -20 to -40% - -50% 
Western Australia Southwest - -90% - 
Southeast Australia - -6% - - 
Southeast 
Queensland 
Brisbane River 
(downstream of Mt 
Crosby Weir) 
-28.3% to +14% - - 
Mt Crosby Weir -20% to +10% - - 
Somerset Dam -12 % to +7% - - 
Wivenhoe Dam  -16% to +9% - - 
Coastal are 
 
North-east coasts +25% - - 
South Australian Gulf -25% - - 
South-east coasts -6% - - 
East coasts ±15% - - 
South-west coasts -25% to 10% - - 
 
2.5.3  Impacts of climate change on groundwater resources 
Groundwater plays an important role in providing water in semi-arid and 
subhumid areas (such as in many parts of Australia) especially during dry periods 
(Green et al., 2007; Villholth, 2009). Similar to surface water resources, groundwater 
resources are also sensitive to changes in temperature and amount, frequency, 
seasonality and intensity of rainfall. Hui-Hai (2011) suggested that groundwater 
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recharge will increase in the case of decreased rainfall frequency (for a fixed amount 
of annual rainfall), increased average rainfall depth per rainfall event (with 
unchanged rainfall frequency) and increased rainfall frequency (with unchanged 
rainfall depth per rainfall event). Timing of high rainfall events is another important 
factor that affects groundwater resources. High rainfall events happening over winter 
or spring have a more significant impact on groundwater recharge compared to 
rainfall events happening during summer, the reason being that during winter and 
spring, low potential evapotranspiration and immature vegetation cover increase 
groundwater recharge rates (Ng et al., 2010).  
After rainfall, temperature is the most important climate element affecting 
groundwater recharge. Increased temperature and increased potential evaporation are 
expected to decrease groundwater recharge. However, increased temperature can also 
decrease vegetation cover and then lead to an increased groundwater recharge rate 
(Crosbie et al., 2009).  
An increased concentration of CO2 can raise vegetation transpiration, due to 
stimulated plant growth, and consequently decrease groundwater recharge (Eckhardt 
& Ulbrich, 2003). Changes in solar radiation due to climate change can also affect 
groundwater resources. Solar radiation is the driving force for evaporation, therefore 
increased solar radiation increases evaporation and decreases groundwater recharge 
(Crosbie, et al., 2009). 
In addition to the direct effects on groundwater resources due to changing 
climate factors, indirect effects such as land cover and land use changes due to 
climate change can also alter groundwater recharge rates. Changes in rainfall, 
temperature, evaporation, soil fertility and erosion due to climate change, can lead to 
the possibility of growing different crop species  (land cover change) and changes in 
the extent of suitable areas for agriculture (land use change) (Olesen & Bindi, 2002). 
Land cover and land use changes can alter a catchment‟s water balance and 
consequently change groundwater recharge rates (Van Roosmalen et al., 2009).   
Past studies have investigated impacts of climate change on Australian 
groundwater resources and have projected different patterns of change from an 
increase to a decrease in the recharge rates for these resources (Barron et al., 2010; 
Crosbie, et al., 2009; Green, et al., 2007). As an example, groundwater resources in 
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the east coast of Queensland (North Stradbroke Island) are projected to have 74% to 
more than 500% increase in recharge rates due to 37% increase in the total amount of 
rainfall (Green, et al., 2007). Accuracy of projections of impacts of climate change 
on groundwater resources in each area is highly dependent on the choice of GCM 
used, downscaling method adopted, recharge model and groundwater model (Barron, 
et al., 2010). 
Although the direct study of the impacts of climate change on groundwater 
resources is not within the scope of this review, the interdependencies between 
groundwater and surface water resources may affect the ability of surface water 
resources and therefore water supply systems in meeting service demands. The 
interdependency between surface and groundwater resources and their impacts on the 
future quantity of water provided by a water supply system, is discussed in further 
detail in Chapter 5. 
2.6 IMPACTS OF CLIMATE CHANGE ON SURFACE AND 
GROUNDWATER QUALITY 
Change of climate variables will not only affect the quantity of water provided 
by water resources, but also alter the quality of water. Climate change can affect the 
quality of surface water resources through changing temperature, amount and 
intensity of rainfall, runoff amount and timing as well as the residence time in 
reservoirs. Water temperature in water bodies will rise as a direct result of global 
warming. It is difficult to predict changes in the concentration of nutrients and 
carbon in water in a warming climate. At higher temperatures, concentration of 
nutrients in water will increase because of high nutrient release from soil organics 
(Delpla et al., 2009). On the other hand, under warmer-dryer conditions, increased 
residence time of water in reservoirs can result in decreased nitrogen and 
phosphorous concentrations as water will have more time for removal and 
bioremediation processes  (Schindler, 1997).  
Increased concentration of nutrients can cause eutrophication problems in 
water resources. Climate change can exacerbate eutrophication problems through 
high temperature and increased residence time of water (Schindler, 1997; Whitehead 
et al., 2009). Eutrophication can cause increased turbidity and low levels of oxygen 
(anaerobic condition) as well as stimulated growth of algae which causes odour, taste 
and colour problems in water (ADWG, 2011; Whitehead, et al., 2009). 
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The dissolved oxygen (DO) concentration in water decreases at higher 
temperature. Low DO concentrations decrease the self-purification ability of water 
and stimulate growth of nuisance microorganisms such as iron, manganese, sulfate 
and nitrate-reducing bacteria, which cause taste, odour and colour problems (ADWG, 
2011; Kundzewicz & Krysanova, 2010; Whitehead, et al., 2009). Higher pathogen 
survival and activity, acidification of streams and increased level of pH, alkalinity 
and cation concentration in lakes are the other consequences of higher water 
temperature (Delpla, et al., 2009; Psenner & Schmidt, 1992; Schindler, 1997). 
More frequent and more intense extreme events and higher evaporation will 
increase transport of sediments and other pollutants including natural organic matter 
into freshwater resources especially after drought periods (Delpla, et al., 2009; Green 
et al., 2011). Higher concentration of natural organic matter can increase the 
biochemical oxygen demand (BOD) and reduce DO. In addition, high concentrations 
of natural organic matter can stimulate bacterial growth and increase the coagulants 
and disinfectant demand in the treatment process (Soh et al., 2008; Whitehead, et al., 
2009).  
Climate change can deteriorate the quality of groundwater in coastal areas due 
to sea level rise. However, the intensity of this problem is dependent on the shoreline 
sand composition. Fine sands have a tendency to hold up against the sea water while 
sea water can easily penetrate coarse sands and reach groundwater resources 
(Tucker, 2008). In addition, decreased recharge of groundwater in a hotter future 
climate can intensify the saline water intrusion to groundwater resources through 
causing fresh water/saline water imbalance (Green, et al., 2011). More intense 
extreme events can also affect quality of groundwater resources through increased 
transport of pollutants such as nutrients (Green, et al., 2011). 
Deteriorated quality of water provided by surface and groundwater resources 
can affect the quality of delivered water by a water supply system.  
2.7 IMPACTS OF CLIMATE CHANGE ON WATER DEMAND 
In addition to future changes to water quality and quantity due to climate 
change, water demand will also change in a warmer climate. In a hotter climate, 
increased demand for showering and garden irrigation increases both average and 
peak water demand (Arnell, 1998). Increased demand can reduce pressure head in 
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the water distribution system below the minimum acceptable level and cause 
hydraulic failure (Northwood & Filion, 2008). Increased demand coupled with 
decreased availability of water can lead to a water supply system‟s failure in 
delivering sufficient water. 
Results of a study in Utah State (United States) demonstrated that a 2.2°C and 
4.4°C increase of temperature causes about 8% and 16% increase in the monthly 
water demand (Hansen et al., 1994). Goodchild (2003) studied the impacts of climate 
change on summer domestic water demand in the UK using an empirical model. 
They suggested that by 2020, the mean amount of summer domestic water demand 
will increase by 3.31 L/capita/day (about 1.25%) (Goodchild, 2003). Results of a 
similar study showed that as a result of climate change, UK will experience 1.8% and 
3.7% increase in the average annual domestic water demand by 2020 and 2050, 
respectively (Downing et al., 2003). In Australia, Wang and Abrams (2010) 
projected that by 2030 and 2070, water demand in the Sydney region will increase by 
0.3-1.1% and 3.5-3.9%, respectively as a result of climate change. Water supply 
systems are normally designed, based on the projections of increased future demand 
due to population growth, and disregarding the impacts of climate change on water 
demand. Increased water demand in the hotter future climate will increase the 
pressure on water supply systems due to climate change. Studying the impacts of 
increased demand on the future functionality of water supply systems is not within 
the scope of this project.  
2.8 CONCLUSIONS 
Studies have projected significant change in future climate variables 
(temperature, evaporation, precipitation, etc.) in Australia.  Change of climate 
variables will have a dramatic effect on the quality and quantity of water provided by 
surface and groundwater resources. It is predicted that most Australian catchments 
will have 2-3.5% change in the mean annual streamflow for just 1% change in the 
mean annual rainfall. These changes will be even more significant in dryer regions. 
In addition, different patterns of change, ranging from increase to decrease, is 
predicted for groundwater future recharge rate compared to the current rates, in 
Australia. Climate change will also alter the quality of water provided by water 
resources through a variety of causes such as increased temperature, higher 
evaporation rate, high intensity rainfall events, sea level rise, increased residence 
27                                                                            Chapter 2: Climate Change and its Impacts on Water Resources 
time of water in reservoirs and decreased recharge rate of groundwater resources. In 
addition, Australia will experience hotter droughts and more frequent flood events in 
the future climate.  
The extent of projected changes reveals the necessity of considering climate 
change as an important factor in design and management of water infrastructure. 
Water supply systems may not be able to handle the dramatic future changes in 
quality, pattern and amount of inflow water, as they have been designed for the 
current climate condition. They are only designed considering the increased demand 
due to population growth, while studies have shown that climate change will also 
cause increased demand in the future. 
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Chapter 3: Resilience and its application to 
water supply systems 
3.1 BACKGROUND 
The main objective of this study was to develop a measure of resilience that 
can assist in assessing future functionality of water supply systems under the impact 
of climate change. As discussed in Chapter 2, climate change is projected to have a 
significant effect on the amount, pattern and quality of water provided by water 
resources. These changes, coupled with increased demand due to warmer climate, 
will exert pressure on water supply systems and can cause failure in providing 
community demand.  
Resilience is a characteristic of infrastructure that defines functionality under 
the impacts of perturbations. A comprehensive measure of resilience can provide the 
ability for assessing the functionality of water supply systems under the pressures of 
increased demand and decreased availability and quality of water due to climate 
change. Having insight to the possible future functionality of water supply systems 
will give managers and planners the opportunity to develop adaptive management 
approaches in a way that provides sustainable use of water resources. 
In this chapter, the fundamental concepts and definitions of resilience and its 
application to water supply systems is discussed. A critical review of the literature on 
the application of the resilience concept to water resources has been undertaken and 
characteristics of current measures of resilience are discussed. Understanding the 
strengths and limitations of current measures of resilience provide the possibility of 
suggesting a comprehensive measure of resilience through applying improvements 
on the current measures available in the literature, in a way that can reflect the 
characteristics of a resilient system comprehensively. 
3.2 RESILIENCE: DEFINITIONS AND CONCEPT  
The word “resilience” is defined as a property of a material that enables it to 
resume its original shape or position after being bent, stretched, or compressed (The 
Free Dictionary, 2013). The resilience concept has been applied to different systems 
in different scientific and technical fields such as engineering, ecology, psychology 
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and management and has resulted in definitions that are compatible with systems 
characteristics in different fields. 
Holling (1996) suggested that each system has different stability states. He 
defined resilience as the amount of disturbance the system can absorb without going 
from one state to another. Holling (1996) further used term “ecological resilience” 
for his definition. Gunderson (2000) and Longstaff (2005) confirmed that Holling‟s 
(1996) definition is acceptable for ecological systems which have variable and 
dynamic states. Ecological resilience can be a tool to assess resilience of ecological 
systems against long-term changes such as climate change, sea level rise and changes 
in habitat characteristics (Gunderson et al., 2006). Gunderson (2000) used a simple 
system of balls and valleys to explain ecological resilience (Figure 3-1). In this 
system, balls and valleys stand for system and stability domains, respectively, and 
the arrows show the way a disturbance affects the system. Wider states give the 
system a higher opportunity to absorb more disturbances without going to the next 
state, and consequently, to be more resilient. 
 
Figure 3-1: Regime changes in ecological systems (Gunderson, 2000) 
As a characteristic of infrastructure, resilience defines functionality in the face 
of disasters and changing conditions. Longstaff (2005) described resilience as the 
capacity of a system to absorb disturbance, undergo change, and still retain 
essentially the same function, structure, identity, and feedbacks. Increased 
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disturbance or pressure on a system can cause failure in meeting its expected 
functions. The concept of resilience can be applied in a post-disaster recovery 
scenario. After a disaster, it is ideal that the extent of the system‟s failure is reduced 
to the minimum possible and the system recovers its function rapidly (Wang et al., 
2009). A resilient system will recover its functionality rapidly after a disaster and has 
a minimum level of loss due to externally forced disturbances and pressures. Wang et 
al. (2009) illustrated a generic definition of resilience in post-disaster conditions 
(Figure 3-2). According to this definition, after a disaster at time t0, the system loses 
r0 percentage of its functionality. After time tm the system may recover all of its 
functionality (case B) or just a part of it (case C). It is also possible that the system 
goes even beyond its initial functionality (case A) or never regains its functionality 
again due to permanent damage (case D). 
 
Figure 3-2: A generic definition of resilience (Wang, et al., 2009) 
3.3 APPLICATION OF RESILIENCE CONCEPT TO WATER 
INFRASTRUCTURE 
The resilience concept has been applied to water infrastructures in different 
ways and for different purposes. The concept of resilience of water resources was 
first introduced by Matalas and Fiering (1977). Hashimoto et al. (1982) developed 
the first mathematical tool to assess resilience of water resource systems. They 
suggested that resilience is a function of the length of time that a system's output 
remains unsatisfactory after a failure (see Equation 3-1).  
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In Equation 3-1, γ is resilience and E[Tf] is the average number of time steps 
that the system remains in an unsatisfactory state after a failure. According to this 
definition, a system that recovers its function relatively rapidly after failure is more 
resilient. Hashimoto et al. (1982) showed that Equation 3-1 is equivalent to the 
probability that the system will recover from failure after a single time step (see 
Equation 3-2): 
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where Xt is the system‟s state or output at time t. Xt may belong to the failure state 
(F) or satisfactory state (S). In Equation 3-2,  Pr  stands for the probability of 
being in a specific state (failure or satisfactory).  
According to this equation, resilience is equal to the probability that the system 
will be in a satisfactory state at time t+1 (namely Xt+1Є S) provided that it has been 
in failure state at time t (namely Xt Є F).  
Kjeldsen and Rosbjerg (2004) suggested that Equation 3-1 is equal to the 
inverse of the mean value of the time the system spends in an unsatisfactory state 
which can be shown by Equation 3-3: 
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where d(j) is the duration of j
th
 failure event and M is the total number of failure 
events. 
The definition of resilience by Hashimoto et al. (1982) is a tool for predicting a 
system‟s ability in dealing with failure events. However, it does not reflect the 
system‟s ability to absorb disturbances and pressures without going to failure state. 
Based on this definition, resilience is a function of the system‟s mean failure period 
regardless of the number of times the system has gone to failure state over a period 
of time. For instance, assuming two systems under similar conditions with different 
time series of performance is illustrated below: 
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System 1: S, S, F, S, S, S, S, S, S, S, S 
System 2: S, S, F, S, F, S, F, S, S, S, S 
where S stands for satisfactory function and F stands for failure. It is obvious that 
System 1 with just one failure event is more preferable than System 2 with three 
failure events. However based on the definition by Hashimoto et al. (1982) both 
systems have the same resilience equal: 
  11
1
1 1
1 

system
 
  13
3
1 1
2 

system  
Moy et al. (1986) suggested a different definition for resilience. They defined 
resilience as the maximum consecutive duration that the system spends in 
unsatisfactory state (see Equation 3-4). 
  1)(max  jd                                          (3-4) 
where; d(j) is the  length of j
th
 failure event.  
The advantage of the definition suggested by Moy et al. (1986) compared to the 
definition by Hashimoto et al. (1982) is that it reflects the worst failure condition a 
system may experience under a specific condition. As an example, two systems 
under the same condition may have the performance time series illustrated below: 
System 3: S, S, F, F, F, F, S, S, S, F, F 
System 4: S, S, F, F, S, S, F, F, S, F, F 
The equation by Hashimoto et al. (1982) gives the same resilience index as the 
average length of failure events is equal to 2 time steps for both systems. However, 
based on the equation by Moy et al. (1986), System 4 is more resilient as it has 
experienced shorter failure events: 
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In this case, the equation by Moy et al. (1986) evidently provides a more realistic 
description of the system‟s function, as System 4 experienced shorter failure events 
and has shown the ability to recover relatively more quickly after failure and is 
therefore more resilient.  
Kundzewicz and Kindler (1995) explained another strength in the definition 
proposed by Moy et al. (1986). They stated that in the definition proposed by 
Hashimoto et al. (1982), failure events with short durations will decrease the mean 
failure duration of the system and overestimate system‟s resilience. The discussion 
by Kundzewicz and Kindler (1995)  can be followed by assuming two hypothetical 
systems as illustrated below:  
System 5: S, S, F, F, F, S, S, S, S, S, S 
System 6: S, S, F, F, F, S, S, F, S, F, S 
It is apparent that System 5 is more preferable compared System 6, while based on 
the definition by Hashimoto et al. (1982), System 6 shows higher resilience than 
System 5: 
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However, the definition by Moy et al. (1986) is also not a perfect 
representation of resilience as noted by Srinivasan et al. (1999). They asserted that 
the definition by Moy et al. (1986) does not represent the resilience concept 
comprehensively. Srinivasan et al. (1999) explained that this definition of resilience 
just considers the maximum number of consecutive time steps in which the system 
has been in failure state and disregards the number of failure events that the system 
has experienced. This drawback can be explained using the example of Systems 5 
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and 6. Since the maximum length of failure event is equal to three time steps for both 
systems, the definition by Moy et al. (1986) assigns equal resilience to both systems. 
However, the two systems cannot have equal resilience as shown below, as System 5 
has just one failure event while System 6 has three failure events: 

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Moy
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Most recent studies on resilience of water resources have focussed on 
upgrading resilience assessment methods, based on the equation suggested by 
Hashimoto et al (1982) (Fowler et al., 2003; Li & Lence, 2007; Maier et al., 2001; 
Vogel et al., 1995).  
Vogel et al. (1995) studied the resilience of reservoirs based on the index of 
reservoir system performance suggested by Hurst (1951) (see Equation 3-5): 
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                                            (3-5) 
where; 
m: index of reservoir performance 
µ: mean annual inflow 
σ: standard deviation of the annual inflows 
Cv: coefficient of variation of the annual inflow 
α : annual inflow demand or yield as a fraction of µ 
 
Vogel et al. (1995) showed that m is related to the probability that the reservoir will 
recover after a failure event. They concluded that since m is related to the definition 
of resilience suggested by Hashimoto et al. (1982) (probability that the system will 
recover from failure after a single time step), it can be a measure of system 
resilience. Based on this definition, m value near 1 represents relatively higher 
resilience and reduced time to recover from a failure event. For a fixed demand level 
(α), lower stream flow variability (lower Cv) will result in higher system resilience. 
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Demand levels normally increase over time and cause reduction of resilience in an 
existing system. The shortcoming of this resilience measure is that it is equivalent to 
the definition proposed by Hashimoto et al. (1982) and just reflects the system‟s 
ability to recover and does not give any estimation of the system‟s ability to 
withstand pressures and disturbances. 
Fowler et al. (2003) also used the resilience definition proposed by Hashimoto 
et al (1982) to study the effects of climate change on the resilience of water resources 
in Yorkshire (UK). The outcomes of this study have confirmed that water resources 
in Yorkshire will experience more severe and longer drought periods in the future. 
More severe and longer drought periods represent longer failure events and lower 
resilience in the future. This study represents the application of the resilience concept 
for assessing the functionality of water resources under the impacts of climate 
change. However, the resilience measure applied in this study is not able to assess 
the system‟s ability to withstand the impacts of climate change without going to 
failure and merely reflects their functionality under the failure condition. 
Kjeldsen and Rosbjerg (2004) suggested a new mathematical representation of 
resilience based on the definition suggested by Moy et al. (1986). They defined 
resilience as the maximum length of failure events that is a function of empirical or 
standard cumulative distribution function (cdf) fitted to the duration of observed 
failure events (Fd(p)). Cumulative distribution function (Fd(p)) describes the 
probability that failure events with a given probability distribution will occur at a 
value less than or equal to p. (see Equation 3-6): 
 11 )(Re  pFs d                                           (3-6) 
Since Equation 3-6 has been developed, based on the definition of resilience as the 
maximum length of failure events, it essentially focuses on the system performance 
under the failure condition and does not show system‟s ability to avoid failure as 
well as the frequency of failure events under a given condition. 
All of the resilience studies that have been discussed above, have focused on 
resilience as the system‟s ability to recover after failure, or in other words, the speed 
of recovery after failure. Fiering (1982a) introduced the concept of resilience for 
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water supply systems under another definition. He suggested that a system has a 
unique boundary area and different response surfaces. Fiering (1982a) further 
defined resilience as “a measure of a system's ability to avoid the boundary locus 
and, if forced over that edge, to sustain a controlled downward trajectory or to 
recover to its initial or some other acceptable state”. According to this definition, 
resilience is a measure of the shape and size of the response surface (Figure 3-3). He 
suggested a series of mathematical tools to measure the resilience of a system as 
discussed, based on the resilience indices R1 to R9. These can be described by 
Equations 3-7 to 3-14 given below: 
1) R1: Residence time in non-failure state: 
                   R1 =  ))1/(()...( 10 fffn apaaa                          (3-7) 
where;  
ai : steady state probability at state i; 
Pff :  probability that the systems goes from failure state to failure state in two 
consecutive time steps. 
 
 
 
 
 
 
 
 
 
 
 
 
Equation 3-7 given by Fiering (1982a) defines resilience as the residence time 
in non-failure. This definition provides an estimate of the system‟s capacity to 
Figure 3-3: Resilience (the location of precipices) (Fiering, 1982a) 
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absorb pressures and still keep its functionality and remain in non-failure state. 
However, it does not reflect the characteristics of failure events such as 
frequency and length of failure events, which are representatives of system‟s 
behaviour in the case of failure.  
2) R2: Expected outcome of the system: 
This condition can be defined by Equation 3-8 as given below: 
R2 =  

f
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0                                                
(3-8) 
where;  
wi: outcome of the system in state i which can be cost or benefit 
 
Equation 3-8 given by Fiering (1982a) defines resilience as the system‟s 
outcome. If the outcome is a cost, it should be minimized and if the outcome is 
a benefit it should be maximised, in order to achieve higher system resilience 
(1982a). The shortcoming of this definition is that some consequences of a 
failure event are not measureable in terms of cost or benefit. Psychological 
consequences of failure of an infrastructure on the community or loss of life in 
case of severe or prolonged disasters are examples of such non-measurable 
consequences. 
3) R3: Steady state probability of not being in failure state: 
This condition can be defined by Equation 3-9 as given below: 
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Equation 3-9 given by Fiering (1982a) defines resilience as a reflection of the 
system‟s ability to absorb pressure without going into failure state and does not 
give any idea of the system‟s behaviour in a failure event. Based on this index, 
two systems that have an equal number of failure and operating time steps will 
have equal resilience, regardless of the properties of the failure events in each 
system. 
4) R4: System’s mean first passage time to failure state: 
This condition can be defined by Equation 3-10 as given below: 
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where;  
mij : the mean first passage time between states i and j. 
 
Mean first passage time is defined as the average of number of time steps 
required to reach to failure state from a non-failure state, for the first time. 
5)  R5: Mean first passage time from non-failure to failure state: 
This condition can be defined by Equation 3-11 as given below: 
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Equation 3-11 given by Fiering (1982a) defines resilience as the mean first 
passage time between non-failure and failure states. Both Equations 3-11 and 
3-10, which are similar to 3-9, demonstrate the system‟s ability to absorb 
pressure. R4 and R5 are measures of the expected number of time steps to 
reach failure state for the first time and do not reflect length of failure events.  
6) R6: Mean passage time between successive failures: 
This condition can be defined by Equation 3-12 as given below: 
 
                                        R6= ffm = fa/1                                            (3-12) 
Equation 3-12 given by Fiering (1982a) defines resilience as a measure of the 
average time the system remains in non-failure state between two successive 
failures and, similar to other indices suggested by Fiering (1982a), does not 
provide any estimate of system‟s ability to recover. 
7) R7: Mean passage time to failure from complete recovery: 
This condition can be defined by Equation 3-13 as given below: 
                                        R7= ofm                                                     (3-13) 
Equation 3-13 given by Fiering (1982a) defines resilience as the mean passage 
time that the system needs to change from failure to complete recovery. 
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8) R8: The vector of γ% passage time from some or all non-failure states 
Si to Sf based on distribution of passage times 
9) R9: The weighted vector sum or scalar of γ % passage times T(γ,i,β): 
This condition can be defined by Equation 3-14 as given below: 
 
                                        R9 = 
1
0 0
),,(

 
  




n
i
n
i
iii aiTa                                     (3-14) 
Equation 3-14 (R9) as well as R8 given by Fiering (1982a) define resilience as a 
function of the passage time between failure and non-failure states. Both these 
definitions focus on resilience as the system‟s ability to absorb pressures and still 
maintain its functionality and do not give any estimate of speed of recovery. 
The strength of all the resilience indices suggested by Fiering (1982a) and 
mathematically explained above, is that they provide an insight to the system‟s 
capacity to absorb pressures and still remain in non-failure state. However, all of the 
indices, R1 to R9, fail to estimate the system‟s behaviour under failure condition. 
Despite the relevance of the definitions suggested by Fiering (1982a), the suggested 
indices have not been used in later studies of water resource resilience as all these 
studies were commonly focused on the speed of system recovery after failure and 
were not focussed on investigating the system‟s ability to avoid failure.  
Wang and Blackmore (2009) reviewed previous studies on resilience and 
concluded that resilience can be described from three different points of view: 
1) Resilience against regime changes as discussed by Fiering (1982a); 
2) Resilience as the response and recovery after disturbance as discussed by 
Hashimoto et al. (1982)  and Moy et al.(1986) 
3) Resilience as the adaptive capacity. 
Wang and Blackmore (2009) described resilience as the adaptive capacity, which is 
the system‟s ability to recognize, adapt and absorb variations and disturbances to 
maintain continuous operation after or in the presence of an accident. In the current 
research study, resilience is considered as a function of a system‟s characteristics that 
enhances its ability to deal with disturbances and changing conditions. Investigating 
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the impacts of adaptive approaches on the system‟s function under critical conditions 
(resilience as adaptive capacity) is not within the scope of the current research study. 
Studying available literature on the resilience of water resource systems reveals 
the necessity of having a multi-faceted measure that can reflect all the relevant 
criteria of a resilient system. Table 3-1 provides a summary of all the resilience 
measures discussed in the literature for water supply systems, their main components 
and characteristics. As can be seen from Table 3-1, each of these measures just focus 
on one aspect of resilience that can lead to overestimating or underestimating the 
system‟s capabilities to face changing conditions. A comprehensive measure of 
resilience should be capable of estimating a system‟s ability to avoid failure as well 
as to recover quickly. A weakness in current measures of resilience of water supply 
systems rests in the inability to reflect both characteristics of a resilient system, 
namely, the capacity to absorb pressures and the ability to recover quickly from 
failure, simultaneously.   
It is important to estimate the amount of disturbance a system can absorb while 
withstanding failure and the probability of failure under the impact of pressures. 
Having insight to the probability of failure will give resource managers the 
opportunity to adapt their management policies and approaches to a given situation 
in order to avoid failure as much as possible. In the case of failure, it would be 
critical to assess the probable length and extent of a failure event to adapt 
management approaches in order to minimize cost, length or consequences of failure. 
Having an understanding of the length and characteristics of the failure event and its 
expected consequences is necessary in order to minimise recovery time, economic 
losses and psychological consequences of failure on the community. 
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Table 3-1: A summary of the available resilience measure for water resources 
Model suggested 
by 
Resilience measure Main component/s Reflects system’s 
ability to avoid 
failure 
Reflects system’s 
ability to recover 
after failure 
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Table 3-1: A summary of the available resilience measure for water resources (contd.) 
Model suggested 
by 
Resilience measure Main component/s Reflects system’s 
ability to avoid 
failure 
Reflects system’s 
ability to recover 
after failure 
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3.4 CONCLUSIONS 
Decreased availability of water in the future, coupled with increased water 
demand due to hotter future climate, may result in the inability of a water supply 
system to meet service standards. In the changing future condition, assessing 
functionality of water supply systems under the predicted pressures due to climate 
change will provide the opportunity to adapt management policies to the new 
condition in a way to prevent failure. In case of failure, predicting the severity of a 
failure event can be effective in adopting approaches to manage and ease the 
consequences of failure. 
Resilience is a characteristic of infrastructure systems that defines their 
functionality under the impacts of perturbations. In the pre-disaster condition, 
resilience can be defined as the amount of disturbance or pressure that a system can 
absorb and still maintain its function (Fiering, 1982a). In the post-disaster condition, 
resilience can be defined as the speed of recovery from failure (Hashimoto, et al., 
1982; Moy, et al., 1986). Besides being a system characteristic that reduces the risk 
of failure in a pre-disaster condition and reduces losses, recovery time and cost in 
post-disaster condition, resilience can be a measure of a system‟s ability to avoid 
failure and in the event of failure, to recover quickly. 
Three main sets of mathematical equations have been proposed for estimating 
resilience of water resources: 
1) Equation suggested by Hashimoto et al. (1982), which defines resilience as 
a function of mean length of failure events a system has experienced (see 
Equation 3-1). Hashimoto et al. (1982) showed that Equation 3-1 is 
equivalent to the probability that the system will recover from failure after 
a single time step. This equation reflects the system‟s behaviour under 
failure condition and does not estimate system‟s capacity to absorb 
pressures while remaining in a non-failure state. 
2)  Equation suggested by Moy et al. (1986), which defines resilience as a 
function of the maximum consecutive time that a system stays in failure 
condition (see Equation 3-3). This equation reflects the length of worst 
failure event that the system has experienced under a certain condition. 
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Similar to the equation proposed by Hashimoto et al. (1982), this equation 
is also not able to reflect the system‟s ability to withstand perturbations. 
3) Equations suggested by Fiering (1982a) (see Equations 3-7 to 3-14). These 
equations focus on the concept of resilience as the system‟s capacity to 
absorb pressures and do not provide any information on the frequency and 
length of failure events and system‟s ability to recover after failure.  
Evaluating the published literature relating to the resilience of water supply 
systems reveals the necessity of having a comprehensive measure of resilience that 
can reflect the characteristics of a resilient system, namely, the capacity to absorb 
pressures and the ability to recover quickly from failure. 
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Chapter 4: Research design and methods 
4.1 BACKGROUND 
Climate change will affect the future quality and availability of water provided 
by surface and groundwater resources, through changing climate variables such as 
rainfall amount and intensity, evaporation and temperature. Chapter 2 discussed in 
detail the impacts of climate change on the quality and quantity of water provided by 
water resources. The consequences include altered hydrologic cycle, increased 
frequency of high intensity rainfall events, decreased frequency of low intensity 
rainfall events, decreased rainfall and increased evaporation, which are among the 
consequences of climate change that will result in poor water quality, decreased 
runoff and streamflow, increased probability of floods and longer drought periods in 
many parts of the world. Poor water quality and quantity can lead to the water supply 
system‟s failure in meeting service standards.  
Resilience is a property of a system that makes it tolerant of pressures and 
disturbances and provides probability of quick recovery after failure. An appropriate 
measure of resilience can be a tool for assessing the ability of water supply systems 
to absorb pressures arising from a changing climate as well as their recovery speed in 
case of failure. Chapter 3 discussed the suggested measures of resilience in the 
research literature, their advantages as well as shortcomings, and highlighted the 
need for a comprehensive measure of resilience that can represent the characteristics 
of a resilient water supply system completely.  
In order to develop a comprehensive measure of resilience and apply it to a 
water supply system to assess the extent and intensity of impacts of climate change 
on its functionality, a program of research is needed. This chapter presents the 
research design and selected research methodology to develop a comprehensive 
resilience measure. Furthermore, this chapter discusses the application of the 
methodology for assessing resilience of a case study water supply system under the 
impacts of climate change.  
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4.2 RESEARCH METHODOLOGY 
The research design and methodology consisted of a combination of activities 
to achieve the aims and objectives of the research project discussed in Section 1.3. 
The methodology proposed for this research study includes a series of primary steps 
and activities that are shown in Figure 4-1. These steps are discussed in detail in the 
following sections. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A critical review of research literature on: 
• The impacts of climate change on the future quality and availability of water 
• Resilience concept and its application in the water literature 
Selecting the key climate-driven factors that affect future quality and quantity 
of water provided by a generic water supply system 
Selecting a case study water supply system 
Projecting the future: 
 Amount of water provided by the case study system 
 Quality of water provided by the case study system 
Proposing a comprehensive measure of resilience  
Assessing the resilience of the case study system using the suggested resilience 
measure and based on the projected future quality and quantity of water 
 
Discussing applicability of the proposed resilience measure for assessing 
functionality of a generic water supply system under the impacts of climate change 
Figure 4-1: The proposed approach for assessing resilience of water supply systems under the 
impacts of climate change 
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4.2.1 Critical Review of Research Literature  
In Chapter 2, a critical review of research literature was undertaken, on climate 
change and its causes and consequences. This review focused on the observed 
impacts of climate change on climate variables such as temperature, evaporation and 
precipitation as well as the future projections of climate variables under the impacts 
of climate change. In addition, published research on the impacts of climate change 
on the future quality and quantity of water provided by water resources as well as 
water demand was reviewed. 
In Chapter 3, the available research literature on the concept of resilience and 
its application in assessing functionality of a water supply system, was critically 
reviewed, and available methods and measures for assessing resilience of water 
supply systems were investigated to identify the existing gaps in the current 
knowledge. 
The following key conclusions were derived from the critical review of 
research literature in Chapters 2 and 3: 
1) Australia will experience significant changes in climate variables in the 
future as a result of climate change; 
2) The annual streamflow yield in most Australian catchments is very 
sensitive to the changes of mean annual rainfall. Different patterns of 
change, ranging from significant decrease to increase, have been projected 
for the future yield of surface and groundwater resources around Australia. 
In addition, it has been projected that Australia will experience more 
frequent floods and droughts coupled with increased demand in the future 
climate condition. 
3) Resilience can be an appropriate tool to assess the functionality of water 
supply systems under the impacts of increased pressure. 
4) Though efforts have been made to provide reliable mathematical tools for 
assessing the resilience of water infrastructures, significant shortcomings 
still remain. Consequently, there is still a need for a comprehensive 
measure of resilience with the ability to predict system behaviour in both 
pre-disaster and post-disaster situations. 
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4.2.2 Selection of key climate-driven factors  
A generic water supply system includes the source/s of water, water 
reservoir/s, water treatment plants and water distribution system. In order to assess 
the impacts of climate change on the quality and quantity of water provided by a 
generic water supply system, the key climate-driven factors that affect functionality 
and efficiency of each component of a water supply system needed to be selected for 
further investigations. The selection process included the following steps: 
1) Identification of the internal and external factors that influence the quality 
and quantity of water provided by a water supply system. These factors 
may include climate variables, natural phenomenon and processes, 
topographic characteristics of the case study area, characteristics and 
capacity of the case study system, management approaches and the 
interdependencies between system components. 
2) Understanding the internal and external factors that may be impacted by 
climate change directly or indirectly (climate-driven factors) and assessing 
the extent and severity of these impacts on the quality and quantity of 
water provided by a water supply system. 
3) Selecting the critical external and internal climate-driven factors, that may 
cause severe or un-manageable impacts on the delivered water quality and 
quantity. These selected climate-driven factors can be investigated under 
the future climate condition in order to project the future quality and 
quantity of water provided by a water supply system. 
This selection process is discussed in detail in Chapter 5. 
4.2.3 Case study area selection 
To assess the ability of the proposed resilience measure in predicting the 
impacts of climate change on the future quality and quantity of water, a case study 
area was selected. The selection criteria for selecting an appropriate study area were: 
 Selected catchment should have long-term records particularly in relation 
to rainfall and evaporation data. Rainfall and evaporation data were the 
key inputs for the intended rainfall-runoff modelling tool;  
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 Selected catchment should have long-term records of streamflow data. 
Streamflow records are needed for calibration and validation of the 
intended rainfall-runoff model; 
 Selected reservoir should have good availability of historical water quality 
data. The historical water quality data are needed for the validation of 
catchment erosion and water quality models.   
 Selected water supply system should be a typical standalone system 
consisting of a single reservoir. The reason is that, in case of water supply 
systems with more than one reservoir, assessing the interdependencies 
between reservoirs may overshadow the complexity of the resilience 
analysis.   
Characteristics of the selected catchment as well as availability of streamflow, 
water quality and historical and predictions of future meteorological conditions are 
discussed in Chapter 6. 
4.2.4 Estimation of case study area future inflow 
There is no robust approach for predicting the future inflow to a water supply 
reservoir. Therefore, hydrologic modelling was considered as the possible tool for 
predicting the future inflow. Hydrologic models are simplified representations of a 
part of the hydrological cycle that provide the possibility of considering future 
climate variables in projecting future runoff in a catchment. Figure (4-2) 
demonstrates the step-by-step approach adopted to estimate the future inflow to the 
case study reservoir under the future climate condition, using hydrologic modelling.  
For the purpose of this study, a hydrologic model that can satisfy the following 
selection criteria was needed: 
1) Ability to project catchment runoff with an acceptable level of accuracy; 
2) Ability to include impacts of climate change in future projections of 
runoff; 
3) Technical feasibility of the use of the model in the context of the data 
available for the case study catchment; 
4) Ease of use. 
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The process of selecting an appropriate hydrologic modelling method as well 
as the characteristics of the selected model are discussed in Chapter 7. In addition, in 
Chapter 7, the selected hydrologic modelling method is applied to project future 
inflow to the case study reservoir based on the available future climate data. 
 
Figure 4-2: The proposed approach for estimating future inflow to the case study reservoir 
4.2.5 Estimation of case study area future water quality 
An appropriate method was proposed for projecting future quality of water 
provided by the case study reservoir. The proposed method included investigating 
the relationship between the key climate-driven factor selected in Chapter 5 and the 
main water quality parameters of the case study reservoir, and then using statistical 
analysis methods to present this relationship in the form of a mathematical equation. 
Future climate data could be input into the developed mathematical equation to 
predict the future quality of water provided by the case study reservoir. 
Selection of  Hydrologic modelling as an appropriate method for estimating the future 
inflow to the case study reservoir 
Selection of appropriate method and tool for hydrologic modelling 
Creating an appropriate hydrologic model of the case study catchment 
Calibrating the model 
Validating the model 
Running the model for the future climate data 
Creating  the future time series of inflow to the case study reservoir 
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Figure (4-3) demonstrates the proposed method for predicting the future quality 
of water provided by the case study reservoir. This process is discussed in detail in 
Chapter 8.  
 
Figure 4-3: The proposed approach for estimating future quality of water in the case study reservoir 
4.2.6 New resilience definition and case study area’s current and future 
resilience 
A new resilience measure in the form of a mathematical equation was proposed 
by refining the previous measures discussed in research literature. Then, the 
proposed measure of resilience was used to estimate future resilience of the case 
study water supply system. The estimated future resilience was compared with the 
current values to assess the impacts of climate change on system functionality. 
Additionally, the outcome of applying the proposed resilience measure to the case 
study water supply system was compared with the outcome of applying resilience 
measures available in the research literature, and strengths and weaknesses of each 
measure were discussed. In addition, applicability of the proposed resilience measure 
Studying the main factors that control water quality in the case study reservoir 
Selecting the key factor that might be affected by climate change 
Using statistical analysis to investigate the relation between the selected key factor 
and main water quality parameters  
Presenting this relation in form of a mathematical equation 
Predicting future quality of water in the case study reservoir through applying the 
future climate data into the proposed mathematical equation 
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for assessing functionality of a generic water supply system under the impacts of 
climate change was investigated and discussed. 
4.3 SUMMARY 
A robust methodology was formulated for conducting this research study. The 
methodology included a critical review of research literature to investigate the 
expected impacts of climate change on climate variables and water resources. The 
literature review also included a detailed study of the concept of resilience and 
available methods of estimating resilience of water supply systems.  
The methodology presented the application of hydrologic modelling as a robust 
tool to project future quantity of water provided by the case study system. In 
addition, a method was proposed for projecting the water quality in the case study 
storage reservoir in the future climate.  
The methodology underlined an improved measure of resilience through 
refinement in the resilience measures proposed in research literature. In addition, the 
designed methodology included the selection of a case study water supply system in 
order to assess the strength of the proposed measure of resilience in predicting 
functionality of water supply systems under the future climate conditions. The 
application of the improved resilience measure to future projections of the quality 
and quantity of water provided by the case study water supply system to assess 
impacts of climate change on functionality of this system was also proposed. 
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Chapter 5: Water supply system 
interdependencies and the 
impacts of climate change 
5.1 BACKGROUND 
A water supply system consists of the source/s of water and different sub-
systems including reservoir/s, water treatment facilities and water distribution 
systems. Characteristics of the source of water as well as sub-systems and their 
interdependencies under a range of external factors are critical for the ability of the 
system in meeting service standards. Climate change is an external factor that can 
affect quality and quantity of water delivered to consumers by altering the 
availability and quality of water at the source as well as affecting functionality and 
efficiency of each of sub-system of this complex system. Therefore, in order to 
assess future resilience of a generic water supply system, the impacts of climate 
change on the quality and quantity of water entering the system and their impacts on 
the functionality of each of the sub-system need to be investigated.  
In this chapter, impact of climate change on the quality and quantity of water 
provided by the sources of water was investigated, based on the findings of the 
critical review of research literature on climate change discussed in Chapter 2. In 
addition, in this chapter, factors that affect functionality of each sub-system of a 
generic water supply system as well as the effects of system interdependencies on the 
quality and quantity of delivered water are discussed and the role of climate change 
on the functionality of this complex system are highlighted. After providing a clear 
overview of the impacts of climate change on system functionality, key factors that 
represent the impacts of climate change on the quality and quantity of delivered 
water (climate-driven factors) were selected for resilience assessment.  
5.2 IMPACTS OF CLIMATE CHANGE ON THE QUANTITY OF 
DELIVERED WATER 
Figure 5-1 shows a schematic diagram of a typical water supply cycle from 
precipitation to delivering water to consumers. As evident in Figure 5-1, main 
sources of water are in two broad types: surface water resources (including rivers, 
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surface water reservoirs and oceans) and groundwater resources. In non-arid areas, 
main sources of water are rivers and surface water reservoirs, while in arid areas 
groundwater resources can be the main source of water. Desalination of ocean water 
is another source of water in some arid areas, which is still not very common due to 
its high cost. As an example, in 2008 Australia met 0.57% of its total water 
consumption from desalination. This figure was projected to increase to 4.3% in 
2013 (Hoang et al., 2009). These figures indicate that at present, desalination is not a 
common source of water in the Australian water network. The focus of this research 
study is on rivers and surface water reservoirs as the primary source of water. 
However, the interdependencies between groundwater and surface water resources 
and their impacts on the quality and quantity of water provided by surface water 
resources are also discussed. 
 
 
 
 
 
 
 
 
 
 
 
The internal and external factors and interdependencies that influence the 
quantity and quality of water at each stage of the water supply process are discussed 
in the following sections. 
Figure 5-1: The schematic water supply cycle 
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5.2.1 Impacts on the quantity of water provided by surface water resources 
Figure 5-2 illustrates the internal and external factors as well as the 
interdependencies that influence the quantity of water at each stage in the water 
supply process. As evident in Figure 5-2, the amount of water that can be extracted 
from surface water resources is a function of timing, pattern and amount of runoff. 
Different factors such as amount, intensity and duration of rainfall, snowfall and 
snow melt pattern, evaporation and evapotranspiration, soil type, land slope, 
vegetation cover and land use affect the percentage of rainfall which converts to 
runoff (Kosmas et al., 1997; Kumar & Seethapathi, 2002; Mohammad & Adam, 
2010; Reddy, 2009). Climate change will affect the volume, pattern and timing of 
runoff through affecting precipitation characteristics and evapotranspiration rate as 
discussed in Chapter 2. Therefore, the pattern and timing of runoff were selected as 
the key factors that represent the impacts of climate change on the quantity of water 
provided by a water supply system.  
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Changes in rainfall, temperature, evaporation, soil fertility and erosion due to  
 
climate change can result in the possible introduction of new crop species and 
changes in the extent of areas suitable for agriculture (Olesen & Bindi, 2002). It will 
lead to the possible changes to the land use, land cover and catchment management 
practices in order to adapt to future climate conditions. Changes to the land use and 
vegetation cover in a catchment will influence the runoff regime and volume. In this 
study, the main objective was to assess impacts of climate change on the 
functionality of a water supply system and it was assumed that land use and 
catchment management practices do not change over the study period. Therefore, the 
indirect impacts of climate change on the future availability of water due to possible 
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Figure 5-2: Water supply process and the internal and external factors that affect the delivered water 
quantity 
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changes to catchment management practices were not investigated in the research 
study.   
Changes in the characteristics of precipitation and evapotranspiration will 
influence groundwater‟s recharge rate factors (Kumar & Seethapathi, 2002; 
Mohammad & Adam, 2010; Reddy, 2009). Surface water resources may gain water 
from or lose water to groundwater resources because of the surface water-
groundwater interactions (Sophocleous, 2002). Therefore, changes in the 
groundwater recharge rate due to climate change can affect surface water resources. 
In this study, the impact of surface water–groundwater interactions on the quantity of 
water provided by surface water resources was not taken into consideration and the 
focus was solely on surface runoff inputs to the water supply storage reservoir. 
5.2.2 Impacts on the quantity of water provided by storage reservoirs 
Reservoirs are used for the storage of water for a later use in a water supply 
system. Reservoirs are needed when the inflow and withdrawal are not in balance 
(Votruba & Broža, 1989). Factors that affect the quantity of water provided by 
reservoirs are shown in Figure 5-2 above.  
Increased sedimentation due to climate change can decrease the storage 
capacity of reservoirs. It can also block reservoir intakes and outlets and prevent it 
from delivering water at its full capacity (Jonas et al., 2010; Mahmood, 1987). 
Reservoir sedimentation can be controlled through a range of management strategies 
(Palmieri et al., 2001). Therefore, the impact of climate change on reservoir capacity 
was not investigated in the current study. 
Reservoirs lose some of their storage through evaporation. Potential 
evaporation will increase in hotter temperature. Best estimates of annual warming 
over Australia, predict approximately 1
0
C, 1.2
0
C and 1.8
0
C increase in mean 
temperature by 2030, 2050 and 2070, respectively, compared to 1990 (CSIRO, 
2007). As hotter temperatures are predicted for the future, potential evaporation will 
increase and the volume of water that evaporates from reservoirs can increase, 
leading to reduction in reservoir water volume. However, due to relatively small 
percentage increase in the future mean temperature over Queensland (5%, 6% and 
9% change by 2030, 2050 and 2070, respectively), such reduction in the volume of 
water in reservoirs was not considered significant compared to the volume changes 
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associated with volume and regime changes of inflow. Therefore, the change in 
evaporation losses due to climate change was not considered in this study. 
5.2.3 Impacts on the quantity of water provided by a water treatment plant 
Water treatment plant capacity is determined based on the forecasted water 
demand. Demand forecasting is the estimation of water use in the future based on 
previous water use as well as the predicted population and economic growth (Jain & 
Singh, 2003). However, the actual water demand could increase above the predicted 
demand due to climate change (see Section 2.6). Increased demand due to climate 
change as well as population and economic growth will exert pressure on water 
supply systems and will affect their resilience. In this study, it was assumed that the 
total annual water demand will remain unchanged over the study period. Assuming 
an unchanged demand over the study period will provide the opportunity to conduct 
resilience assessment focussed solely on the impacts of changes in water quality, 
quantity and regime due to climate change, on functionality of water supply systems. 
High sediment concentration in raw water due to climate change can decrease 
the operational capacity of a treatment plant by blocking filters (NewsRx, 2012). 
Filter blockage due to sedimentation can be controlled through more regular filter 
cleaning and backwashing and therefore was not investigated in the current study. 
5.2.4 Impacts on the quantity of water supplied by water distribution systems 
Climate change has minimal influence on the characteristics and operations of 
water distribution systems. Water distribution systems typically consist of complex 
pipe networks and intermittent treated water reservoirs. These are primarily affected 
by hydraulic characteristics of the physical infrastructure and have no direct linkage 
with the factors affected by climate change.  
5.3 IMPACTS OF CLIMATE CHANGE ON THE QUALITY OF 
DELIVERED WATER 
Figure 5-3 shows the internal and external factors as well as interdependencies 
that affect the quality of water at each stage of the water supply process. Impacts of 
climate change on the quantity of water at each stage are discussed in the following 
sections.   
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5.3.1 Impacts on the quality of water provided by surface water resources 
Quality issues in surface water resources are primarily associated with the 
transport of sediments and other pollutants from catchments by surface runoff. 
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Figure 5-3: The internal and external factors that affect the delivered water quality 
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Depending on the catchment land use, a range of pollutant types would be carried to 
surface water resources by runoff. As an example, runoff from agricultural lands can 
carry high loads of nutrients and sediments, and runoff from highly developed urban 
areas can carry heavy metals, nutrients, sediments, oil and grease as well as bacteria 
(Hogan & Walbridge, 2007; LeBlanc et al., 1997). More frequent and more intense 
extreme events due to climate change will increase transport of sediments and natural 
organic matter into freshwater resources especially after drought periods (Delpla, et 
al., 2009; Green, et al., 2011). In this study, rainfall intensity and amount were 
identified as key factors that represent rainfall power to detach sediments and 
pollutants and transport them to water resources, and were included under the general 
term of “rainfall‟s erosive power”. 
Increased temperature due to climate change will accelerate the chemical 
reactions and metabolic conversions in water resources and will enhance the self-
purification processes (Rinaldi et al., 1979). On the other hand, an increased rate of 
metabolic processes will lead to accelerated dissolved oxygen depletion in water and 
thereby degrade water quality (Ansari & Lanza, 2011). Investigating the impacts of 
climate change on the chemical and biochemical processes in rivers and streams will 
need an extensive investigation, which is outside the scope of this research study.  
5.3.2 Impacts of climate change on the quality of water provided by reservoirs  
As can be seen from Figure 5-3, quality of surface runoff, rivers and streams 
directly affects quality of water in surface water storages. In addition, some internal 
factors and processes such as stratification, eutrophication and algal blooms impact 
quality of water stored in reservoirs.  
Studies have shown that global warming due to climate change has increased 
the occurrence of stratification in reservoirs (King et al., 1999). Stratification can 
lead to anaerobic conditions and increased concentration of nitrogen and methane 
gas, manganese and ferrous ions, sulphides and organic acids in a reservoir‟s water 
(Elçi, 2008; Martin, 2007). Increased temperature and enhanced stratification in the 
future climate condition will cause algal blooms in fresh water reservoirs (Paerl & 
Huisman, 2009). Algal bloom can lead to water quality problems such as water 
colour  problems and production of toxins (Sellner et al., 2003). In addition, higher 
temperatures in the future climate will influence the biological production in water 
63                                         Chapter 5: Water supply system interdependencies and the impacts of climate change 
reservoirs and may result in euthrophication (Mooij et al., 2005). Eutrophication in 
the water reservoirs can cause water quality problems such as dissolved oxygen 
depletion, taste and odour problems, increased pH level and production of toxins in 
water (Cooke & Kennedy, 2001).  
Studying the impacts of climate change on the quality of water stored in 
reservoirs through algal bloom, stratification and eutrophication needs an extensive 
investigation, which is outside the scope of this research study.   
5.3.3 Impacts on the quality of water provided by water treatment plants 
Climate change can affect the quality of water provided by water treatment 
plants through affecting: 
1) Quality of raw water; 
2) Efficiency of the treatment process 
Water treatment process is generally adjusted based on the raw water quality 
and characteristics, as well as delivered water quality standards. The undesirable 
impacts of climate change on the raw water quality can be managed through adopting 
a water treatment process (Sophocleous, 2002) and were not considered in this 
research study. 
Climate change can improve the efficiency of the treatment process due to 
increased temperature (Heinanen, 1987). However, such impacts of climate change 
on the water treatment process are minor and were not considered in the resilience 
assessment.  
5.3.4 Impacts on the quality of water provided by water distribution systems 
Increased temperature due to climate change can affect quality of water in the 
water distribution system through stimulated biofilm growth on pipe surfaces 
(National Research Council (U.S.), 2006). Biofilm growth in water distribution 
systems can be controlled through regular system monitoring and inspection and was 
not investigated in the current study.  
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5.4 CONCLUSIONS 
External factors as well as internal interdependencies control the quality and 
quantity of water provided by water supply systems. Climate change is an external 
factor that has a significant impact on both quality and quantity of water through 
changing climate variables. Changes in the timing, amount, intensity and frequency 
of precipitation as well as evapotranspiration rate will affect the amount and timing 
of surface runoff and consequently the amount of water provided by surface water 
resources. Changes to the amount and pattern of runoff have significant impact on 
the quantity of water provided by water resources and were selected as the key 
factors that represent the impacts of climate change on the future quantity of water 
provided by a water supply system. Impacts of climate change on the quantity of 
water provided by reservoirs through increased evaporation and reservoir 
sedimentation were not considered in the current study. 
In terms of water quality, climate change can affect transport of pollutants to 
water resources through changing rainfall intensity and amount. In this study, rainfall 
amount and intensity were selected as the key representatives of the power of rainfall 
to detach and transport sediments and pollutants and were named under the term of 
“rainfall‟s erosive power”. 
Investigating the impacts of climate change on the quality of reservoir water 
and river flows through enhancing chemical and biological processes, stratification, 
eutrophication and algal blooms was outside the scope of this study. Also, impacts of 
climate change on the functionality of water treatment plants as well as the quality of 
water in water distribution systems were not investigated in this study. 
In order to predict the future amount and quality of water provided by the case 
study water supply system, two key factors were investigated in the current study: 
1) Future pattern and amount of runoff; 
2) Future rainfall‟s erosive power.  
Figures 5-4 and 5-5 given below illustrate the selected key factors and their 
expected impact on the future quality and quantity of delivered water. In Chapters 7 
and 8, methods of investigating these two key factors under the future climate 
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condition are discussed, and future quality and quantity of water provided by the case 
study water supply system are predicted. 
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Figure 5-4: The key factor identified to have significant impact on the future quantity of water in future 
climate condition and selected to be investigated further in this study 
Figure 5-5: The key factor identified to have significant impact on the future quality of water in future climate 
condition and selected to be investigated further in this study 
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Chapter 6: Case study area 
6.1 INTRODUCTION 
In order to assess the impacts of climate change on resilience of water supply 
systems, a case study water supply system was selected. Then, the key factors that 
represent impacts of climate change on the quality and quantity of water (including 
future quantity and pattern of runoff and the rainfall‟s erosive power), as discussed in 
Chapter 5, were investigated for the case study system under the future climate 
scenarios to predict future quality and quantity of water provided by this system.  
This chapter describes the characteristics of the case study water supply system 
selected for the purpose of this research study. This system includes a catchment, a 
water storage reservoir and a treatment plant. The chapter discusses characteristics of 
the water storage reservoir and water treatment plant as well as the availability of the 
historical meteorological, streamflow and water quality data for the selected water 
supply system. It also provides detailed information on the availability of predicted 
rainfall and evaporation data for the future. The historical and future data from the 
catchment were used in Chapters 7 and 8 for predicting the future quality and 
quantity of water entering the case study water storage reservoir. 
6.2 CASE STUDY AREA SELECTION   
Based on the selection criteria discussed in Section 4.2.3, North Pine water 
supply system was selected as the case study system. North Pine catchment has a 
good availability of historical rainfall and evaporation as well as monthly water 
quality data. The geographical locality where this catchment is situated also has good 
coverage of predicted climate data based on different climate scenarios. North Pine 
catchment has long records of observed streamflow data that allow the possibility of 
calibrating and validating the developed rainfall-runoff model to an acceptable level 
of accuracy. In addition, the water supply system can be isolated into a conventional 
water supply system though it forms a part of a southeast Queensland water supply 
grid network (SEQ Water Grid). 
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6.3 NORTH PINE CATCHMENT 
North Pine catchment with a total area of 348 Km
2
 is located to the north-west 
of Brisbane city between latitude 27° 6' and 27° 21 ' S and longitude 152° 40' and 
152° 56 ' E. For the purpose of this study, North Pine catchment was demarcated 
accurately using 10m contour maps and nominated waterways maps, accessed 
through the “Queensland Government Information Service” website. Demarcated 
North Pine catchment and waterways draining it as well as the storage reservoir 
(which is named Lake Samsonvale) are shown in Figure 6-1. As it can be seen, there 
are three main waterways in the North Pine catchment, namely, North Pine River, 
Kobble Creek and Terros Creek, which drain about 61% of the catchment. 
For the purpose of the research study and the envisaged hydrologic analysis, 
North Pine catchment was divided into six sub-catchments based on the topography 
as illustrated in Figure 6-2. North Pine catchment has a subtropical climate with 
1175mm average annual rainfall and 1375mm average annual evaporation (Bureau 
of Meteorology, 2013b). However, the rainfall has high spatial variability over the 
catchment and some locations receive rainfall which is 50% higher than the 
catchment average rainfall (King & Everson, 1978). 
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Figure 6-1: North Pine catchment‟s main rivers and stream gauging stations 
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Figure 6-2: North Pine sub-catchments and meteorological stations 
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6.4 LAND USE 
The dominant land use classes in the area are conservation and natural 
environments as well as production from a relatively natural environment. In order to 
calculate the fraction of each land use class in the catchment, a detailed land use map 
was developed (Figure 6-3), based on the digital maps provided by the Department 
of Natural Resources and Mines (1999). According to the map shown in Figure 6-3, 
54.6 % of the area includes national parks and forestry, and grasslands account for 
27% of the catchment. About 7.7% of the catchment is used for animal husbandry 
and 3% of the area is residential. Agriculture, including dry-land and irrigated 
agriculture, accounts for 1.4% of the catchment. Mining, services and utilities are 
other land use classes in the catchment that occupy a very small proportion of the 
total area. Typical land use types in the North Pine catchment are shown in Figures 
6-4 to 6-7. 
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Figure 6-3: North Pine catchment Land use map 
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Figure 6-4: A view of Lake Samsonvale and surrounding land with natural vegetation cover 
 
Figure 6-5: A view of the natural forest in North Pine catchment  
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Figure 6-6: A view of grazing lands in North Pine catchment 
 
Figure 6-7: Residential land use in North Pine catchment 
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6.5 NORTH PINE CATCHMENT METEOROLOGICAL STATIONS 
The meteorological data required for the research study were obtained after an 
extensive investigation of the meteorological stations within and in the surrounding 
area of the catchment. There are five rainfall stations within North Pine catchment 
with good data availability (see Figure 6-3). Details of the meteorological stations 
including station ID and location are given in Table 6-1.  
Only one meteorological station (Station 40425) with evaporation data is 
situated within the catchment. Unfortunately, the evaporation data for this station 
was of very poor quality with frequent missing data points. Due to this reason, daily 
evaporation data from the nearest meteorological stations (Station 40842 within 
about 40 Km of the centre of the catchment and station 40241 within 14 Km of the 
centre of the catchment) were used for the purpose of this study.  
Table 6-1: Weather stations within or nearby North Pine catchment 
Station 
number 
Type 
Geographical 
location 
Location related to 
the catchment 
Data 
availability 
40517 Rainfall Station 
Lat:  27.20°   S 
Lon: 152.75° E 
Sub-catchment A1 1953-2013 
40063 Rainfall Station 
Lat:  27.20°   S 
Lon: 152.82° E 
Sub-catchment A5 1931-2012 
40186 Rainfall Station 
Lat:  27.29°   S 
Lon: 152.82° E 
Sub-catchment A6 1919-2013 
40425 
Rainfall and  
Evaporation 
Station 
Lat:  27.22°   S 
Lon: 152.84° E 
Sub-catchment A6 1997-2008 
40308 Rainfall Station 
Lat:  27.33°   S 
Lon: 152.77° E 
within about 4 Km 
of sub-catchment 
A4 
1934-2012 
40842 
Evaporation 
Station 
Lat:  27.39°   S 
Lon: 153.13° E 
within about 34 Km 
of the centre of the 
catchment 
2000-2012 
40241 
Evaporation 
Station 
Lat:  27.39°   S 
Lon: 153.13° E 
within about 14 Km 
of the centre of the 
catchment 
1967-2003 
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6.6 NORTH PINE CATCHMENT STREAM GAUGING STATIONS 
Two stream gauging stations are situated within the study catchment with 
observed daily discharge data. One station (Station 142107A) is located on Kobble 
Creek at Mt Samson Road and the other (Station 142105A) is located on Terros 
Creek at Dayboro (see Figure 6-2). Historical discharge data from these two stations 
were accessed through the “Water Monitoring Data Portal” of the Department of 
Environment and Resource Management (Queensland Government).  
6.7 NORTH PINE CATCHMENT FUTURE CLIMATE  
Simulating future water quality and quantity in the case study catchment was a 
key part of this study and existence of future climate variables was an essential 
requirement. Two sets of future projections of climate variables (rainfall and 
evaporation) (Set 1 and Set 2) were obtained from two key studies for the purpose of 
simulating future water quality and quantity in the case study catchment: 
a) Future climate predictions based on low and high emission scenarios (Set 1): 
CSIRO (2007) have presented projections of future climate in Australia based on 
the results from 23 global climate models. Projections for southeast Queensland were 
extracted from the results of this study, by the Queensland Climate Change Centre of 
Excellence. These projections present seasonal and annual changes in rainfall, 
evaporation and temperature for 2030, 2050 and 2070 under low, medium and high 
emission scenarios, compared to the base model period 1980-1999 (QCCCE, 2010b).  
Table 6-2 presents projections for the relative change in rainfall and potential 
evaporation in southeast Queensland for 2030, 2050 and 2070. In this table, the 
numbers in brackets are the 10th and 90th percentiles and depict the range of 
uncertainty. The number outside the brackets is the 50th percentile (the best 
estimate). Since global climate models show little difference in the projections of 
low, medium and high emission scenario projections for 2030, the results for this 
period are presented on a mid-range emission scenario. Projections for 2050 and 
2070 are presented for both low and high emission scenarios (QCCCE, 2010b). 
For the purpose of this study, from the model base period considered for 
southeast Queensland future climate projections (1980-1999), a 10-year period from 
1980-1989 was selected as the base period for the current study. The reason for 
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selection of this period was the good daily rainfall and evaporation data availability 
for North Pine catchment over this period with very few missing data. Additionally, 
three future 10-year periods centred on 2030, 2050 and 2070 (namely 2026-2035, 
2046-2055 and 2066-2075) were selected for studying the impacts of climate change 
on the case study system in the future.  
Table 6-2: Future changes of rainfall and evaporation in southeast Queensland relative to the model 
base period 1980-1999 (QCCCE, 2010b) 
 
Time series of daily rainfall and evaporation data for the selected base period 
(1980-1989) were obtained from the Bureau of Meteorology database.  
The best estimates of seasonal changes in the rainfall and evaporation (the 
figures outside the brackets) were applied to the daily rainfall and evaporation time 
series using Excel spreadsheets, to generate future time series of rainfall and 
evaporation for 2026-2035, 2046-2055 and 2066-2075. This approach gave an 
estimate of the possible seasonal changes in rainfall and evaporation in the area 
disregarding climate variability. Predicting future runoff using the generated time 
series provided an insight into the extent of impacts of climate change on the future 
availability of water in the North Pine catchment.    
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b) Future climate predictions based on NCAR-CCSM3-0 climate model (Set 
2):  
Future climate elements for the southeast Queensland (SEQ) region have been 
projected through a research project undertaken as part of the southeast Queensland 
Urban Water Security Research Alliance. The main goal of this study was to project 
future climate of SEQ using a high-spatial-resolution regional climate model 
(CCAM) (Nguyen & McGregor, 2012). In this study, Australia‟s current and future 
climates (from 1971 to 2100) have been simulated using nine Global Climate Models 
(GCMs) including: CSIRO Mk3.0, CSIRO Mk3.5, GFDL-CM2.1, ECHAM5, 
MIROC-Medres, UKMO HadCM3, UKMO-Hadgem1, NCAR-CCSM3-0 and 
INMCM3-0, based on the high-emission A2 scenario (Nguyen & McGregor, 2012). 
High-emission scenario A2 has been selected from the set of emission scenarios 
described in the IPCC Special Report on Emissions Scenarios (SRES) (Nguyen et al., 
2012). The reason for the selection of high-emission A2 was that current greenhouse 
gas emissions are already equal or higher than the emission levels in this scenario 
(Nguyen, et al., 2012). Results of GCMs simulation has been downscaled to fine 
horizontal resolution of 20 km across the SEQ region. Table 6-3 shows the projected 
changes in maximum and minimum temperature (°C) and rainfall (mm/day) by 2050 
relative to 1985 over the SEQ region for the four seasons; December-January-
February (DJF), March-April-May (MAM), June-July-August (JJA) September-
October-November (SON) (Nguyen & McGregor, 2012). In Table 6-3, blue colour 
cells represent warmer and wetter conditions and orange colour cells represent 
warmer and drier conditions. Cells without colour shading represent warmer climate 
with no change in rainfall.  
As evident from Table 6-3, all models project warmer future climate for all 
seasons. Except for NCAR-CCSM3-0 and INMCM3.0 that predicts decreased 
rainfall for all four seasons, other models show different patterns of change over 
different seasons. For instance, ECHAM5 predicts future wetter summers and 
winters and drier autumns. GFDL-CM2.1 predictions show drier future autumns, 
with no change in the amounts of rainfall for spring and summer. From all models, 
NCAR-CCSM3-0 was selected as representative of the worst-case future scenario 
with decreased rainfall over all seasons and highest temperature rise over most of the 
seasons compared to other scenarios. A warmer and drier future climate projected by 
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NCAR-CCSM3-0 will alter the amount of inflow to the water reservoir. It may also 
affect the quality of water provided by water resources.  
Predicted daily rainfall data from NCAR-CCSM3-0 for the selected 10-year 
future periods (2026-2035, 2046-2055 and 2066-2075) were used to predict future 
changes in runoff in the North Pine catchment.  
Table 6-3: Future changes of maximum and minimum temperature (°C)  and rainfall (mm/day) by 
2050 compared to 1985(Nguyen & McGregor, 2012) 
GCM 
DJF MAM JJA SON 
Tmax Tmin Rain Tmax Tmin Rain Tmax Tmin Rain Tmax Tmin Rain 
CSIRO Mk3.0 1.0 1.2 0.4 1.4 1.4 -0.1 1.2 1.4 0.0 1.1 1.3 0.1 
CSIRO Mk3.5 2.3 2.4 0.2 2.5 2.4 -0.1 2.2 2.2 0.0 2.9 2.6 -0.2 
ECHAM5 1.1 1.5 0.7 2.1 1.8 -0.3 1.8 2.1 0.1 1.7 1.7 0.0 
MIROC-Medres 1.1 2.0 0.9 1.8 2.3 0.3 2.0 2.2 0.0 2.5 2.6 -0.1 
GFDL-CM2.1 1.7 1.7 0.0 2.4 2.2 -0.2 1.9 1.8 -0.1 2.1 2.1 0.0 
INMCM3.0 2.7 2.0 -0.3 2.4 1.9 -0.3 2.1 1.5 -0.4 3.1 2.2 -0.5 
NCAR-
CCSM3-0 
2.7 2.2 -0.4 2.2 2.1 -0.2 2.5 2.2 -0.2 3.0 2.6 -0.3 
UKMO 
Hadgem1 
2.8 2.0 -0.5 1.8 2.3 0.2 2.3 2.1 -0.3 3.2 2.3 -0.6 
UKMO 
HadCM3 
0.8 1.3 0.5 1.4 1.5 -0.1 1.6 1.7 -0.1 2.3 2.2 -0.1 
 
6.8 NORTH PINE DAM AND RESERVOIR    
North Pine dam was constructed across the North Pine River in 1976 for the 
purpose of water supply with no flood mitigation role. North Pine dam‟s reservoir 
(Lake Samsonvale) is a shallow lake with mean depth of 9.4m, a long shoreline of 
151 km and surface area of 21.63 km
2
 that covers around 6% of the catchment. The 
reservoir has a total water supply capacity of 215,000 ML and is designed to yield a 
maximum supply of 230 ML/day (King & Everson, 1978).  
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North Pine dam is a mass concrete structure built on a solid rock foundation. 
The dam wall is 580 metres long and 40 metres high. Water is drawn from the 
reservoir through an intake tower built on the face of the dam. Outlets that are 
protected by screens and valves are provided at several depths to deliver the best 
quality water from the reservoir to the treatment plant. In addition, an aeration 
system has been installed in the reservoir in order to improve water quality through 
destratification of the lake (SEQ Water, 2013).  
6.9 NORTH PINE RESERVOIR WATER QUALITY DATA 
North Pine‟s water quality is generally moderate to poor, due to the inputs of 
nutrients and sediments from forestry, agriculture and residential areas from 
stormwater runoff (Pine Rivers Catchment Association, 2002). Therefore, 
concentration of total suspended solids (TSS), total Nitrogen (TN) and total 
Phosphorous (TP) were selected as representatives of the erosive power of rainfall 
for detaching and transporting pollutants to the reservoir. Data in relation to these 
parameters were collected from SEQ Water Bulk Water Storage and Treatment 
Services. These data were used to develop a relationship between rainfall erosive 
power and the concentration of these parameters. The process of using historical 
water quality data to predict future water quality data is discussed detail in Chapter 8. 
6.10 NORTH PINE WATER TREATMENT PLANT 
North Pine water treatment is located at the downstream of North Pine dam 
with a pure water storage capacity of 91 ML, supplying many northern Brisbane 
suburbs as well as part of the Moreton Regional Council including Pine Rivers, 
Caboolture and Redcliffe City. This treatment plant has the capacity to treat 250 ML 
of water per day. The treatment process at the North Pine treatment plant includes 
(SEQ Water, 2013): 
1) Adding activated carbon to the water at the inlet to adsorb taste and odour 
producing compounds; 
2) Coagulation and flocculation followed by sedimentation to eliminate 
colloidal particles. The main chemical additive used in this process is 
aluminium sulphate (Alum) (see Figure 6-8); 
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3) Filtration using sand and anthracite rapid sand filters to remove suspended 
floc particles including microorganisms; 
4) Disinfection using chloramine to remove harmful microorganisms. 
 
 
 
Figure 6-8: A view of North Pine treatment plant‟s sedimentation basins 
Sludge from the sedimentation basins and backwash filters is treated as an 
important part of the treatment process. After thickening, the sludge is separated and 
solids are passed through centrifuges to separate the remaining water from the 
sludge. The separated sludge is then dried and the separated water is recycled back to 
the treatment plant (SEQ Water, 2013). 
6.11 SUMMARY 
In this chapter, the characteristics of the selected system (North Pine water 
supply system), as well as data availability for the study area, were discussed.   
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North Pine dam (reservoir), located in the case study area, has a total water 
supply capacity of 215,000 ML. North Pine catchment has a subtropical climate and 
most of the area and more than half of the catchment is covered with native 
vegetation, national parks, protected natural features and landscapes and other 
conservation areas. This catchment has good historical meteorological and 
streamflow data availability. Rainfall and evaporation data from meteorological 
stations within the catchment or close to it were used as the input for rainfall-runoff 
simulation and the historical data from streamflow stations were used for model 
calibration. Details of the location and characteristics of these stations are discussed 
in this chapter.  
In this study, a 10-year period from 1980 to 1989 was selected as the base 
historical period. Three future 10-year periods centred on 2030, 2050 and 2070 
(namely 2026-2035, 2046-2055 and 2066-2075) were selected as future study 
periods. Two sets of future projections of rainfall and evaporation for the future 
study periods were obtained from two primary sources for predicting future quality 
and quantity of water entering North Pine reservoir: 
a) Set 1:  Future projections of seasonal changes of rainfall and evaporation for 
southeast Queensland, based on high and low emission, were applied to the daily 
data from the base period (1980-1989) to create time series of future rainfall and 
evaporation for 2026-2035, 2046-2055 and 2066-2075. 
b) Set 2: Daily rainfall data for periods 2026-2035, 2046-2055 and 2066-2075 were 
obtained from projections of the NCAR-CCSM3-0 climate model.  
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Chapter 7: Estimating North Pine 
historical and future inflow 
7.1 INTRODUCTION 
Resilience of a water supply system is dependent on climate change influenced 
alterations to inflow regimes. Therefore, having accurate estimations of future inflow 
regimes is essential for resilience assessment of water supply systems. As discussed 
in Chapter 2, future inflow regime will be primarily affected by climate change 
influences on evaporation and rainfall patterns. The predicted changes in future 
inflow will increase the probability of occurrence of floods and longer drought 
periods.  
This chapter outlines the outcomes of an extensive review undertaken to select 
the most suitable approach for estimating the inflow to North Pine reservoir under 
different future climate scenarios. The selected method estimated future inflow in 
conjunction with the interdependencies and external factors identified in Chapter 5. 
Systems inflow using historical data, was compared with the predictions of future 
inflows to assess the extent of impacts of climate change on availability of water in 
the case study catchment and functionality of the case study water supply system.  
7.2 HYDROLOGIC MODELLING 
Influence of climate change is applicable to most components of the water 
cycle. In this study, hydrologic modelling was selected as the most appropriate 
method, due to its proven ability in representing catchment and stream flow 
characteristics in an analytical form. Hydrologic models represent a part of the 
hydrological cycle through replicating the actual relationship between the climate 
and hydrological variables to estimate the runoff and streamflow (Majumder et al., 
2010). Therefore, representing the hydrologic cycle through hydrologic modelling 
can be an appropriate way of assessing the impacts of climate change on the future 
runoff in the case study catchment. Figure 7-1 demonstrates a typical hydrological 
cycle and its main components. 
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Figure 7-1: Hydrological cycle (USGS, 2013) 
In order to select the most suitable hydrologic modelling tool, different models 
were assessed against the aims and objectives of this study. The following discussion 
provides an overview of different hydrologic models assessed and their 
characteristics. 
7.2.1 Hydrologic modelling method selection 
As outlined by Abbott and Refsgaard (1996), hydrologic models can be 
classified into three main types: 
1) Stochastic models: Stochastic models are developed based on the concept 
that a process cannot be always represented in the form of a cause-effect 
mathematical relationship. Instead, the effect on variables can be observed and their 
properties can be investigated using statistics (Yevjevich, 1987). A stochastic model 
uses historical time series of observed records to generate long hypothetical 
sequences of events with the same statistical properties as the historical records, 
using the Monte Carlo technique (Abbott & Refsgaard, 1996). The main objective of 
this chapter was to predict North Pine catchment‟s future and past runoff based on 
the cause-effect relationship between climate variables and runoff volume. 
Therefore, stochastic models were not the suitable method for this study, because 
they disregard the relationship between climate variables and runoff characteristics 
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and generate future time series of runoff based on the properties of current runoff 
time series. 
2) Deterministic models: Deterministic models are based on identified cause-
effect relationships and are described by mathematical equations (Yevjevich, 1987). 
Deterministic models can be classified into three main subgroups: 
a) Empirical models: This model type, which is also known as a „black box‟ 
model, is comparable to stochastic models as it uses recorded input and output time 
series as the basis for the assessment process and does not consider the physical 
processes in the catchment. In fact, empirical models determine the relationship 
between inputs and outputs disregarding the processes occurring in the catchment to 
generate runoff. Unit hydrograph, ANN, ARIMA, API and CLS models are amongst 
this type of hydrologic models (Abbott & Refsgaard, 1996; Kingston et al., 2003). 
This model type is not suitable for the purpose of this study as it does not consider 
the physical processes in the catchment and therefore, cannot reflect the impact of 
climate change on these processes. 
b) Conceptual models: Conceptual models represent the key components of the 
hydrologic cycle as a series of interconnected water storages and use semi-empirical 
equations to describe the physical processes occurring within them (Kingston, et al., 
2003). Abbott and Refsgaard (1996) noted that most of conceptual models are 
lumped models. Lumped conceptual models treat the whole catchment as a single 
unit and use average parameters to represent its characteristics. Parameters for these 
equations cannot just be derived from field investigations, and calibration is also 
necessary to derive accurate parameters. Therefore, these models are suitable for 
simulation of runoff in catchments with long records of streamflow, providing the 
ability to derive accurate model parameters through calibration. Many rainfall-runoff 
models such as NAM, AWBM and MIKE-FEH belong to the category of lumped 
conceptual models. Lumped conceptual models suit the purpose of this study as they 
can represent the impacts of change of climate variables on runoff volume and 
pattern by modelling the physical processes in the catchment. A comparison was 
made between lumped conceptual models and other suitable model types and then 
the most appropriate modelling method was selected. 
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c) Distributed physically-based models: This model type commonly uses 
partial differential equations to calculate flows of water and energy. Distributed 
physically-based models provide a good description of the hydrologic processes in a 
catchment based on the representation of the catchment parameters. These models 
can be used for the prediction of runoff from ungauged catchments or catchments 
with short records. In this case, model parameters can be estimated through accurate 
intensive field investigations (Abbott & Refsgaard, 1996). Most groundwater models 
and unsaturated zone models such as MIKE SHE, IHDM and THALES belong to 
this category (Abbott & Refsgaard, 1996). Distributed physically-based models may 
also suit the purpose of this study because they describe the hydrologic processes in 
the catchment and can represent the impacts of change of climate variables on 
hydrologic processes and the amount and timing of runoff. Therefore, this model 
type was compared with the lumped conceptual model and the most suitable model 
was selected based on the advantages and disadvantages of each model as well as the 
aims and objectives of this research project. 
3) Joint stochastic-deterministic models: These models have two equally 
important parts, a deterministic core and a stochastic frame. The disadvantage of 
these models is that they may transfer the uncertainty in the input variables to the 
probabilistic distribution of output variables (Abbott & Refsgaard, 1996). Compared 
to lumped conceptual models and distributed physically-based models that provide 
reasonably accurate estimation of runoff in a catchment, joint stochastic-
deterministic models are not preferred for the purpose of this study as they may 
incorporate further uncertainty in their projections. 
Model selection 
A detailed comparison of the key characteristics between conceptual models 
and deterministic models was needed in the context of intended work to find the 
model type that satisfies all the selection criteria discussed in Chapter 4. Compared 
to lumped conceptual models, distributed physically-based models give better results 
in terms of both magnitude and timing of peak flow. However, it is obvious that 
lumped models require less data and have less complexity compared to physically-
based models as they consider average parameters for the whole catchment 
(Carpenter & Georgakakos, 2006). Refsgaard and Knudsen (1996) compared the 
functionality of lumped conceptual models with distributed physically-based models 
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and concluded that when one-to-three years of observed runoff data are available for 
an accurate calibration, lumped conceptual models are more suitable as they require 
less data variability. As discussed in Chapter 6, for the study catchment, extensive 
records of stream flow data are available for calibration. Therefore, a lumped 
conceptual model was considered as the suitable for runoff estimation for the 
purpose of this study.  
A range of lumped conceptual modelling approaches such as NAM and 
AWBM, have similar technical capabilities and data requirements. Therefore, NAM 
model by DHI was selected for the purpose of this study, based on the availability of 
software, technical support and training. Some of the main strengths of the NAM 
model with regards to the requirements and specifications of this study are: 
1)  NAM estimates runoff generated in a catchment by modelling the 
physical processes in the catchment. The required input for the NAM 
model are rainfall and evaporation as well as streamflow data, which are 
available for the case study area for both the base period and future study 
periods; 
2) NAM model can provide outputs in different time steps ranging from 
seconds to days, which suits the purpose of this study; 
3) This model can provide accurate estimations of runoff when long records 
of streamflow data are available for calibration and validation. As 
discussed, North Pine catchment has long records of streamflow data; 
4) In this study, continuous hydrologic modelling is required to derive 
rainfall-runoff simulations based on several years of rainfall and 
evaporation data. NAM model can be used for either continuous 
hydrologic modelling or for simulating single events (Anh et al., 2010).  
7.2.2 NAM model  
NAM (the abbreviation of the Danish Nedbør-Afstrømnings-Model) is a 
deterministic lumped conceptual model that was developed by the Department of 
Hydrodynamics and Water Resources at the Technical University of Denmark. NAM 
is a hydrologic model that represents the behaviour of the land phase of the 
hydrologic cycle. This model has been used for modelling of catchments with 
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different hydrologic regimes and climate conditions around the world (Danish 
Hydraulic Institute, 2007).  
a) NAM model data requirements:  
Basic data needed to develop a NAM model are  (Danish Hydraulic Institute, 
2007): 
1) Model parameters: Part of the NAM model parameters can be estimated 
from the physical catchment data. However, the final choice of these 
parameters is also possible through calibration of the model against a time 
series of observed streamflow data.  
2) Meteorological data: Basic required meteorological data are rainfall and 
evaporation. Additional meteorological data (temperature and radiation) 
may be required if including snow-melt in the model. 
3) Streamflow data: Observed streamflow data at the catchment outlet is 
required in order to calibrate and validate the model. If including irrigation 
or groundwater abstraction in the model, additional data are required to 
calibrate and validate the model. 
b) NAM model structure: 
NAM conceptualises four different storage types in order to simulate the 
hydrological processes in a catchment. These storages are: snow storage, 
surface storage, lower or root zone storage and groundwater storage. The 
structure in which these four storages are conceptually assembled, is illustrated 
in Figure 7-2. The model is primarily designed to calculate catchment runoff. 
However, other important hydrological information such as groundwater 
recharge, groundwater levels, soil moisture content and evapotranspiration can 
also be determined from the simulations (Danish Hydraulic Institute, 2007).  
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Figure 7-2: The structure of the NAM model (Danish Hydraulic Institute, 2007) 
Key components of the NAM model are discussed below (Danish Hydraulic 
Institute, 2007): 
1) Surface storage:  
Surface storage includes the moisture intercepted by the vegetation cover and 
the water trapped in depressions and in the uppermost few centimetres of the 
ground. The amount of water in surface storage (U) continuously leaks 
horizontally as interflow and evaporates.   
When the amount of moisture in surface storage reaches its upper limit (Umax), 
some of the excess water (PN) will contribute to the streams (overland flow) 
and the remainder will infiltrate into the lower zone and groundwater storage. 
 Chapter 7: Estimating North Pine historical and future inflow                                                                              90 
2) Lower zone or root zone storage: 
Lower zone storage is the moisture in the soil layer below the surface where 
the vegetation extracts water for transpiration. The moisture content in the 
lower zone (L) controls the amount of water contributing to groundwater 
recharge, interflow and overland flow. Lmax represents the upper limit of the 
moisture content in the lower zone. 
3) Potential evaporation:  
Potential evaporation demands (Ep) are basically provided by the moisture 
content in the surface storage (U). In case the soil moisture in the surface 
storage is insufficient for meeting evapotranspiration demands (U < EP), the 
remaining demand (Ea) will be taken from the lower zone storage. Ea changes 
linearly with the relative soil moisture content of the lower zone storage 
(L/Lmax). 
max
)(
L
L
UEE pa                                            (7-1) 
4) Overland flow:  
When the surface storage passes its upper limit (U > Umax), one part of the 
excess water (QOF) will contribute to overland flow.   
                                                                                                                     
                                    
 
                                                 
 
where CQOF is the overland flow coefficient (0 ≤ CQOF ≤ 1) and TOF is the 
threshold value for overland flow 
 
(0 ≤ TOF ≤ 1). 
 
The remainder (PN-QOF) will infiltrate to the lower zone storage or will 
percolate to groundwater storage. The portion of moisture that contributes to 
the lower zone storage is shown as ΔL and the portion that recharges 
groundwater storage is shown as G. 
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5) Interflow: 
The interflow contribution (QIF) has a linear relationship with the relative 
moisture content of the lower zone storage (L/Lmax) and is proportional to the 
surface storage moisture content (U).
          
 
                                                     
 
                                                                               
 
 
  
where CKIF is the time constant for the interflow and TIF is the root zone 
threshold value for interflow  (0 ≤ TIF ≤ 1) (Danish Hydraulic Institute, 2007).
  
6) Groundwater recharge: 
The amount of water that infiltrates to the groundwater storage depends on the 
soil moisture content in the lower zone: 
                                                                                                                                           
 
 
 
where TG is the root zone threshold value for groundwater recharge (0 ≤ TG ≤ 
1) (Danish Hydraulic Institute, 2007). 
c) Initial conditions 
In simulating individual events, definition of accurate initial conditions plays a 
critical role. In the NAM model, the most important initial condition 
definitions include initial water content on the surface and root zone storage as 
well as overland flow, interflow and base flow. It is difficult to determine 
accurate initial conditions based on historical records. Therefore, an 
appropriate two-step strategy was adopted to reduce the impact of inaccurate 
initial conditions on the model outputs. The first step of the strategy was to 
initiate simulations at the end of a prolonged dry period. In this scenario, most 
of initial conditions are set to their driest thresholds. The Danish Hydraulic 
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Institute (2007) recommends that in such conditions, initial values, except 
water content in the root zone and baseflow, can be regarded as zero. It is also 
recommended that baseflow should be considered as a value close to the 
observed discharge in calibration data.  In the second step of the strategy, a 
period of three to six months of the initial part of simulation was regarded as 
the stabilising period. In addition, the automatic calibration process by 
MIKE11 software provides the model initial condition through a multi-
objective optimization strategy in which different calibration can be optimised 
simultaneously. The auto calibration process is also recommended by Danish 
Hydraulic Institute (2007) as a step in eliminating errors related to 
inappropriate selection of initial conditions. 
7.3 NORTH PINE CATCHMENT RAINFALL-RUNOFF MODELLING 
The North Pine catchment hydrologic model was developed using a NAM 
model based on the catchment data provided in Section 6.3. The model consists of 
six subcatchments with a total area of 348 km
2
. Figure 7-3 shows the subcatchments 
A1 to A6. The area of each subcatchment is given in Table 7-1.  
Table 7-1: North Pine catchment‟s subcatchment area 
Sub-catchment Area (km
2
) 
A1 123.76 
A2 19.56 
A3 20.31 
A4 20.55 
A5 28.5 
A6 135.32 
∑ = 348 
 
Typically, initial estimations of model parameters are made by studying 
models with similar characteristics for adjacent catchments. In the case of this study, 
such information was not available. Therefore, the initial model parameters were 
selected, based on the recommendation of NAM model specifications. Table 7-2 
gives the selected initial model parameters.  
Table 7-2: Initial model parameters 
Model Parameters 
Um Lm CQOF CKIF CK12 TOF TIF TG CKBF 
10 100 0.5 1000 10 0 0 0 2000 
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Figure 7-3: Streamflow stations and subcatchments of North Pine catchment 
A1 
A2 
A5 
A3 
A4 A6 
Stream Gauging Station 142105 A 
Stream Gauging Station 142107 A 
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Time series of meteorological data (rainfall and evaporation) were assigned to 
each subcatchment based on the exact location of meteorological stations. Initial 
conditions assigned to the model are shown in Table (7-3). These values were 
selected based on the two-step strategy of generating initial conditions as outlined in 
Section 7.2.3. The model was simulated in a daily format. Daily calculated runoff 
could then be added to obtain the monthly runoff, which was needed in this research 
study. 
Table 7-3: Initial conditions for the NAM model 
Initial Values 
U/Um L/Lm QOF QIF BF 
0 0.1 0 0 0 
 
7.4 MODEL CALIBRATION 
The NAM model parameters are empirical or conceptual and so direct 
estimates from real physio–chemical/climate or soil characteristics are not possible. 
Calibrating the NAM model against a time series of observed streamflow data was 
the only practical approach for making the best estimates of model parameters.  
In this study, model calibration was undertaken using measured streamflow 
data from two stream gauging stations; Station 142105A on the North Pine River and 
Station 142107A on Kobble Creek (see Figure 7-3). Station 142105A records runoff 
drained from subcatchments 1, 2, 5 and a small proportion of subcatchment 6 and 
Station 142107A records runoff drained from subcatchments 3 and 4. Drained 
subcatchments for each streamflow station are shown in Figure 7-3. Data for these 
two stations are available for the period 2001 to 2008. The graphs given in Figure 7-
4 show the recorded streamflow for the abovementioned period. As can be seen from 
this figure, the recorded flow has been zero most of the time over this period and just 
four significant wet periods have been recorded including: 19/2/2003 to 14/9/2003, 
16/1/2004 to 19/3/2005, 29/6/2005 to 18/11/2006 and 22/8/2007 to 31/12/2008. 
These wet periods are shown separately in Figures 7-5 to 7-8.   
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Figure 7-4: Recorded daily inflow for two main streamflow stations in North Pine Catchment, significant wet periods are marked with green circles 
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Figure 7-5: Recorded daily inflow for two main streamflow stations in North Pine Catchment, wet period 2003 
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Figure 7-6: Recorded daily inflow for two main streamflow stations in North Pine Catchment, wet period 2004-2005 
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Figure 7-7: Recorded daily inflow for two main streamflow stations in North Pine Catchment, wet period 2005-2006 
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Figure 7-8: Recorded daily inflow for two main streamflow stations in North Pine Catchment, wet period 2007-2008 
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It can be seen from Figures 7-4 to 7-8 that the recorded data for Station 142107A 
does not show consistent peaks with Station 142105A records. The reason is the high 
percentage of missing data in Station 142107A records. Therefore, data from station 
142107A were not used for calibration and validation process and only data from 
Station 142105A were used for this purpose. 
Generally, model calibration can be done based on the following objectives 
(Danish Hydraulic Institute, 2007): 
 A good agreement between the average simulated and observed catchment 
runoff (i.e. a good water balance); 
 A good overall agreement on the shape of the hydrograph; 
 A good agreement on the peak flows with respect to timing and rate; 
 A good agreement for low flows. 
In this study, all the calibration objectives were of equal importance. Therefore, 
objective-based calibration was undertaken simultaneously to select the parameter set 
to generate optimum calibration performance. The aim of the calibration process was 
to provide satisfactory agreement between the simulated and observed flow data in 
terms of the overall shape of the hydrographs as well as the timing and rate of both 
low flows and peak. The model was calibrated by adjusting the summation of runoff 
from sub-catchments A1, A2 and A5 with recorded streamflow at Station 142105 A.  
The accuracy of calibration was evaluated by comparison of the simulated 
runoff with the observed data. The comparison can be made, using both numerical 
and graphical approaches. The graphical approach includes comparison of the 
simulated and observed hydrograph, and comparison of the simulated and observed 
accumulated runoff. Numerical approach includes the overall water balance error 
(i.e. the difference between the average simulated and observed runoff), and a 
measure of the overall shape of the hydrograph based on the coefficient of 
determination or Nash-Sutcliffe coefficient (see Equation 7-6) (Danish Hydraulic 
Institute, 2007): 
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Where, Qsim,i is the simulated discharge at time i and Qobs,i is the recorded 
discharge at time i. The perfect match between simulated and observed discharge 
will provide R2  =  1 .  
In this study, a balance was sought between both the numerical and graphical 
assessment measures. The total water balance error was controlled, by comparing the 
average daily observed and simulated flow. Nash-Sutcliffe coefficient (R
2
) was 
controlled, to be in a satisfactory range (close to 1) for the calibrated model to ensure 
that an appropriate agreement was obtained in the shape of the hydrographs. After 
many iterations, the model was finally calibrated for the period 1/1/2003 to 
31/12/2003. The parameters for the calibrated model are given in Table 7-4. 
Table 7-4: Calibrated model parameters 
Model Parameters 
Um Lm CQOF CKIF CK12 TOF TIF TG CKBF 
13 250 0.171 998 5.05 0.0619 0.196 0.282 194.6 
 
The calibration graph demonstrating the simulated runoff versus recorded flow 
for the calibration period is shown in Figure 7-9. As can be seen from this figure, R
2 
value is 0.82, which demonstrates good agreement between the total shape of the 
simulated and observed daily flow hydrographs. Also, the average daily simulated 
flow is 0.53 m
3
/s which is equal to the average daily observed flow. In addition, the 
calibration graph shows a very good graphical agreement between the observed and 
simulated peaks and low flows in terms of both timing and amount. The only 
disagreement is that the simulated graph shows small peaks in 2/2003 and 12/2003 
which are not observed in the recorded data, which could be due to some missing 
data over these time periods. 
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Figure 7-9: Model calibration hydrograph for the period 1/1/2003 to 31/12/2003
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7.5 MODEL VALIDATION 
Validation is primarily an assessment of model performance in relation to its 
capacity for estimating an event that is not a part of the calibration set. In this 
process, the parameter set developed during the calibration process is subjected to 
confirmation. Typically, a validation period equivalent to the length of the calibration 
period is selected (Abbott & Refsgaard, 1996). In such validation, the difference 
between the simulated outputs and the observed data have four possible sources 
(Abbott & Refsgaard, 1996): 
1) Random or synthesis errors in the input data; 
2) Random or synthesis errors in the recorded data; 
3) Errors arising from non-optimal model parameters; 
4) Errors arising from an incomplete or biased model structure. 
From the recorded wet periods, three periods (1/1/2004 to 31/12/2004, 
29/6/2005 to 29/6/2006 and 20/8/2007 to 20/8/2008) were used for validating the 
model results. All the validation periods were selected with the same length as the 
calibration period, as was recommended by Danish Hydraulic Institute (2007). Since 
all these wet periods were occurring following a long dry period, assumptions of the 
initial conditions (assuming zero water content and zero baseflow) could be justified. 
Figures 7-10 to 7-12 demonstrate validation graphs for the model. Validation 
periods 1/1/2004 to 31/12/2004, 29/6/2005 to 29/6/2006 and 20/8/2007 to 20/8/2008 
have R
2 
factors of 0.79, 0.74 and 0.74, respectively, which show satisfactory 
agreement in the shape of observed and simulated hydrographs. Also, all validation 
periods show equal or very close observed and simulated average daily flow. The 
average simulated daily inflow for the period 1/1/2004 to 31/12/2004 was 0.72 m
3
/s, 
which was equal to the average observed daily flow for this period. Average 
simulated daily inflow for the period 29/6/2005 to 29/6/2006, was 0.68 m
3
/s, which 
is satisfactorily close to the observed daily inflow of 0.56 m
3
/s. For the period 
20/8/2007 to 20/8/2008, the average simulated daily inflow is equal to 0.87, which 
represents a good agreement with the observed daily inflow of 1.06 m
3
/s. In addition, 
the simulated flow graphs show high graphical agreement with the observed graphs 
in terms of both timing and magnitude of peaks and low flows and general shape of 
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the hydrograph. The results of the validation process demonstrate that the model has 
been calibrated properly and the selected model parameters are acceptable.  
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Figure 7-10: Model validation for the period 1/1/2004 to 31/12/2004 
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Figure 7-11: Model validation for the period 29/6/2005 to 29/6/2006 
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Figure 7-12: Model validation for the period 20/8/2007 to 20/8/2008 
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In addition to validating the model for the streamflow data, model validity was 
also checked for the accuracy of predictions of the total inflow to the North Pine 
reservoir. This part of the validation process was more important than validating the 
analysis results for the streamflow recorded data because: 
1) Station 142105A, just records inflow from three subcatchments 1, 2 and 5 
which drain around 50% of the catchment, while reservoir inflow data 
represents the runoff from the whole catchment. 
2) North Pine reservoir inflow data is available for the period 2002 to 2008, 
which is a period of six years. Therefore, model validation against the 
reservoir total inflow can be undertaken for a six-year period while model 
calibration and validation based on Station 142105 A data was conducted 
for one-year periods. 
The created NAM model was run for the entire 2002-2008 period and the 
hydrograph for the total simulated runoff from North Pine catchment was plotted 
based on the model output. Figure 7-13 shows the simulated monthly runoff versus 
the inflow to the reservoir for the period 2002 to 2008. Model validation of the total 
catchment runoff shows excellent agreement between the simulated runoff and 
observed reservoir inflow data. As evident from Figure 7-13, an excellent graphical 
match is demonstrated between the simulated and the observed hydrographs in terms 
of the timing and rate of peak flows and low flows. In addition, the Nash-Sutcliffe 
coefficient (R
2
) is 0.92 for this period, which shows a close match in the total shape 
of the hydrographs. The average monthly simulated and observed reservoir inflows 
are 2921 and 2821 ML, respectively, which show a good total water balance in the 
calibrated model. Figure 7-14 shows the cumulative simulated runoff versus the 
cumulative observed inflow in the reservoir for the period 2002 to 2008. The total 
simulated catchment runoff for the whole period 2002 to 2008 (245,373 ML) has 
3.5% difference with the total volume of observed inflow to the reservoir (236,977 
ML) over this period, which represents a close numerical agreement between the 
simulated and observed flows. 
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Figure 7-13: Simulated monthly runoff vs. monthly observed reservoir inflow for the period 2002 to 2008 
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Figure 7-14: Simulated cumulative runoff vs. Observed accumulated reservoir inflow for the period 2000-2008 
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From the results of the calibration and validation studies discussed in this 
section, it can be concluded that the model has been calibrated with a high level of 
accuracy and the model parameters have been selected properly. Parameters from the 
calibrated model and verified subcatchments were considered suitable to represent 
characteristics of the rest of the subcatchments. Therefore, the calibrated model was 
used for predicting inflow to the reservoir for the future study periods (2026-2035, 
2046-2055 and 2066-2075). The calibrated model was also run to estimate the 
reservoir inflow over the historical study period (1980-1989).  
7.6 ESTIMATIONS OF RUNOFF FOR THE HISTORICAL STUDY 
PERIOD AND FUTURE CLIMATE CONDITIONS 
In order to estimate the amount of inflow to the North Pine reservoir for the 
historical study period of 1980 to 1989, the calibrated NAM model was simulated 
using daily rainfall and evaporation data for this period. Data was obtained from the 
meteorological stations within the catchment as outlined in Section 6.5. A model was 
also simulated for the three 10-year future study periods, namely, 2026-2035, 2046-
2055 and 2066-2075, based on the two sets of predicted future rainfall and 
evaporation data. The sets of future rainfall and evaporation predictions are: 
1) Set 1: generated daily rainfall and evaporation time series based on the 
future projections of climate for southeast Queensland (see Section 6.7). 
2) Set 2: time series of daily rainfall projected by NCAR-CCSM3-0 climate 
model and time series of daily evaporation from Set 1 (see Section 6.7). 
Because of the lack of validated daily evaporation data for the NCAR-
CCSM3-0 climate model, the evaporation data for this set was taken from 
Set 1 for running the model for the future climate data. 
Runoff estimations for the historical study period are shown in Table A-1 
(Appendix A). Tables A-2 to A-4 and A-5 to A-7 (Appendix A) present runoff 
estimations for the future study periods based on data Sets 1 and 2, respectively.  
7.6.1 Future runoff estimation based on future climate projections for 
southeast Queensland (Set 1) 
Projections of the future monthly inflow to the North Pine reservoir based on 
the results of MIKE11 model analysis, for the historical study period as well as the 
future study periods (Set 1), are shown in Figures 7-15 to 7-17. As can be seen from 
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these figures, according to Set 1, inflow to the North Pine reservoir will decrease for 
all the three future periods (2026-2035, 2046-2055 and 2066-2075) compared to 
1980-1989. The maximum monthly inflow for the period 1980-1989 has been around 
164,000 ML, which will decrease to 155,000 ML for the period 2026 to 2035. The 
maximum monthly inflow will decrease to 148,000 and 139,000 ML for 2046-2055 
and 2066-2075 periods, respectively. 
Results of this analysis also show a significant decrease in the total amount of 
inflow to the reservoir in the future (see Figure 7-18). As can be seen from this 
figure, the total inflow to the reservoir will decrease from 1.4×10
6 
ML over the 
historical study period to 1.3×10
6 
ML for the period 2026 to 2035 (a decrease of 
about 8.4%). This decreasing trend will become even more significant later in the 
century reaching 15.5% (with a total inflow of 1.2×10
6 
ML) and 23.5% (with a total 
inflow of 1.2×10
6 
ML) for the 2046-2055 and 2066-2075 periods, respectively.  
Table 7-5 gives the projected changes of seasonal inflow to the North Pine 
reservoir in the future for the three study periods investigated. As can be seen from 
this table, seasonal inflow to the North Pine reservoir will decrease significantly in 
the future for all the study periods for all the seasons. The most significant decline 
will be in spring followed by the winter season. Also, the trend of decline for all 
seasons becomes more significant in the later study periods. The period 2066 to 2075 
shows a 51% decline in the spring inflow and 28.4% decline in the winter inflow 
compared to the historical study period, which is quite significant.  
It can be concluded that, under Set 1, inflow to the reservoir will decline 
significantly in terms of both average seasonal and total volume. Decreased inflow to 
the reservoir may lead to North Pine water supply system‟s inability in meeting the 
service standards. Impacts of the decreased inflow on the functionality and resilience 
of North Pine reservoir will be discussed in Chapter 9. 
Table 7-5: Percentage change of seasonal reservoir inflow for 2026-2035, 2046-2055 and 2066-2075 
compared to 1980-1989 (Set 1) 
Percentage change relative to 1980-1989 
Period Autumn Winter Spring  Summer 
2026-2035 -7.0 -9.7 -19.6 -6.3 
2046-2055 -12.2 -18.7 -34.2 -13.2 
2066-2075 -18.8 -28.4 -51.3 -19.4 
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Figure 7-15: Future inflow to North Pine reservoir based on Set 1‟s rainfall projections for the period 2026 to 2035 compared to 1980-1989 
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Figure 7-16: Future inflow to North Pine reservoir based on Set 1‟s rainfall projections for the period 2046 to 2055 compared to 1980-1989 
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Figure 7-17: Future inflow to North Pine reservoir based on Set 1‟s rainfall projections for the period 2066 to 2075 compared to 1980-1989 
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Figure 7-18: Cumulative inflow to North Pine reservoir based on Set 1 for 1980-1989, 2026-2035, 2046-2055 and 2066-2075 
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7.6.2 Future runoff estimation based on NCAR-CCSM3-0 rainfall predictions 
(Set 2) 
Projections of future monthly inflow to North Pine reservoir based on Set 2 
demonstrate a general increase for the periods 2026-2035 and 2066-2075 compared 
to the historical study period (1980-1989). However, based on the projections using 
this data set, North Pine catchment will experience a general decline in the total 
amount of inflow over the 2046-2055 period. Figures 7-19 to 7-21 show the 
hydrographs of monthly reservoir inflow for all future study periods compared to the 
historical study period. Figure 7-22 demonstrates projections of the total amount of 
inflow to the reservoir for all the future study periods (based on Set 2) as well as the 
historical study period. As can be seen from Figure 7-21, the total amount of 
reservoir inflow has increased from 1.4×10
6 
ML over the historical study period to 
2.07×10
6 
ML over the period 2026 to 2035 (an increase of about 45%). The model 
also projects a 35.7% increase for the total inflow to the reservoir (with a total inflow 
volume of 2.07×10
6
) over the 2066 to 2075 period, compared to the historical study 
period. Under Set 2, only the period 2046-2055 demonstrates decreased inflow 
(around 9.6 %) with a total volume of 1.29×10
6 
for the future climate condition. 
Although the total inflow to North Pine reservoir will increase over most future study 
periods, it is projected that maximum monthly peaks will decrease significantly in 
the future. The model shows maximum monthly peaks of 74,000 ML, 55,000 ML 
and 80,000 ML for 2026-2035, 2046-2055 and 2066-2075, respectively, which are 
significantly lower than the maximum monthly flow for the 1980-1989 period 
(around 160,000 ML). It represents the fact that, despite the general increase in the 
total amount of inflow to the reservoir for the periods 2046-2055 and 2066-2075, in 
some months, the reservoir may not be able to meet the service standards due to 
significantly lower peaks. 
Results of this analysis show that all future periods will have a significant 
increase in the winter, spring and summer inflow under Set 2. Except from 2026-
2035, which will have an average increase of 12.8% during the autumn months, other 
future periods will witness a decline in the average autumn inflow. This decline will 
be very significant during the 2046-2055 period (around 44.2%). Table 7-6 shows 
projected changes of seasonal inflow to the North Pine reservoir in the future. 
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Figure 7-19: Future inflow to North Pine reservoir based on Set 2‟s rainfall projections for 2026-2035 compared to 1980 to 1989 
0 
20000 
40000 
60000 
80000 
100000 
120000 
140000 
160000 
180000 
1980-1989 (ML) 
2026-2035(ML) 
M
o
n
tl
y 
Fl
o
w
 (
M
L)
 
119                                                                                                                                                                                            Chapter 7: Estimating North Pine historical and future inflow 
 
Figure 7-20: Future inflow to North Pine reservoir based on Set 2‟s rainfall projections for 2046-2055 compared to 1980 to 1989 
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Figure 7-21: Future inflow to North Pine reservoir based on Set 2‟s rainfall projections for 2066-2075 compared to 1980 to 1989 
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Figure 7-22: Cumulative inflow to North Pine reservoir based on Set 2 for 1980-1989, 2026-2035, 2046-2055 and 2066-2075 
0 
500000 
1000000 
1500000 
2000000 
2500000 
1980-1989 (ML) 
2026-2035 (ML) 
2046-2055 (high) 
2066-2075 (high) 
(ML) 
(ML) 
C
u
m
u
la
ti
ve
 F
lo
w
 (
M
L)
 
 Chapter 7: Estimating North Pine historical and future inflow                                                                            122 
Table 7-6: Percentage change of seasonal reservoir inflow for 2026-2035, 2046-2055 and 2066-2075 
compared to 1980-1989 (Set 2) 
Percentage change relative to 1980-1989 
Period Autumn Winter Spring summer 
2026-2035 12.8 79.9 184.3 33.3 
2046-2055 -44.2 19.9 50.0 19.0 
2066-2075 -1.9 71.1 52.3 78.4 
 
Results of the data analysis undertaken confirmed a general improvement in 
the future condition of the North Pine reservoir in terms of water availability under 
Set 2. The only significant decline in the inflow will be during autumn months, 
which may be compensated by the increased flow over other seasons.  
In summary, it can be noted that, compared to Set 1, North Pine reservoir‟s 
condition will not be critical under Set 2 in terms of future water quantity and this 
data set can be excluded from the resilience investigation. Accordingly, Set 1 was 
selected as the critical data set and monthly inflow projections from this set were 
used in Chapter 9 to assess North Pine reservoir‟s resilience under the future climate 
condition in terms of being able to provide adequate water quantity. 
7.7 CONCLUSIONS 
As discussed in Chapter 5, in order to assess the future amount of water able to 
be provided by a water supply system, timing and amount of runoff provided by the 
catchment was investigated and assessed as the key factor that reflects the impacts of 
climate change. Hydrologic modelling was used as an appropriate tool for projecting 
future amount of runoff in the case study catchment. After an extensive review of the 
available hydrologic modelling methods and advantages as well as disadvantages of 
each method, NAM, a deterministic lumped conceptual model, was selected as the 
most appropriate modelling method for the purpose of this study. The NAM model 
was used to project the amount and timing of runoff in the North Pine catchment for 
the future study periods as well as the historical study period, based on the available 
rainfall and evaporation data. 
A NAM model of the catchment was created, calibrated and validated against 
the streamflow data from the catchment, resulting in satisfactory agreement between 
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the simulated and observed flow in terms of the overall shape of hydrographs, timing 
and rate of low flows and peak flows, as well as the total water balance.  
The calibrated model was run for the historical study period (1980-1989) based 
on the available meteorological data. In addition, the model was run for three future 
study periods (2026-2035, 2046-2055 and 2066-2075) under two different sets of 
data (Set 1 and Set 2). Results of analysis for Set 1 showed a significant decrease in 
terms of both monthly peaks and total amount of inflow to the reservoir over all 
future periods, compared to the historical study period. This declining trend becomes 
more significant over the later study periods. This analysis also showed decreased 
seasonal inflow for all seasons over all the future periods under Set 1.  
Set 2 showed a general increase in the amount of inflow to the North Pine 
reservoir over the future study periods. Based on projections of this set, total inflow 
to the reservoir over the periods 2026-2035 and 2066-2075 will increase significantly 
compared to the base period, while a decline of 9.6% was projected for the period 
2046-2055. Based on the results of this set, except for autumn months, which will 
have a significant decline in the inflow during 2046-2055, all other seasons and all 
other study periods will have an increased inflow compared to the historical study 
period. 
Comparing results of projections of Set 1 and 2 highlighted the fact that Set 1 
is the critical set for the case study catchment as it projects significant decline in the 
future availability of water in this catchment. Therefore, Set 2 was excluded from the 
resilience study and the rest of the study focused on the projections of Set 1. Future 
monthly time series of inflow created by the NAM model, based on Set 1, were used 
for assessing future resilience of the North Pine reservoir in terms of its ability to 
meet service standards.  
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Chapter 8: North Pine reservoir’s current 
and future inflow water quality 
8.1 INTRODUCTION 
Climate change impacts on future quantity and quality of water are the most 
critical issues for water supply systems. Incorporation of these impacts in the 
estimation of future inflow quantity and quality is critically important for resilience 
assessment of water supply systems.  
In assessing the resilience of the case study (North Pine) water supply system 
under the future climate conditions, accurate prediction of future quantity and quality 
of inflow was important. As the initial step, in Chapter 5 power of rainfall for 
detaching and transporting sediments and other pollutants (rainfall‟s erosive power) 
was selected as the key factor that represents the impact of climate change on the 
quality of water provided by a water supply system. Therefore, future estimation of 
the erosive power of rainfall can help in the prediction of future quality of water 
provided by the case study water supply system.  
There is no robust method for projecting future quality of water in a reservoir 
based on the projections of power of rainfall for transporting pollutants from the 
catchment. In this chapter, statistical analysis methods were used to investigate the 
relationships between key water quality parameters and rainfall‟s erosive power. This 
relationship can be represented in the form of a mathematical equation. The 
developed mathematical equation can then be used for predicting future quality of 
water in the North Pine reservoir. 
8.2 EFFECTIVE FACTORS ON RAINFALL AND RUNOFF EROSION 
Different factors including rainfall characteristics, soil characteristics, 
topographic condition, vegetation cover and catchment management approaches 
impact soil erosion from catchments. Wischmeier and Smith (1978) developed the 
first comprehensive erosion model to predict the long-time average soil loss due to 
rainfall and runoff from specific field areas with specific management systems 
termed as the Universal Soil Loss Equation as shown in Equation 8-1. 
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PCSLKRA                                       (8-1) 
where; 
A: computed soil loss per unit area; 
R: rainfall and runoff factor; 
K: soil erodibility factor; 
L: slope-length factor; 
S: slope-steepness factor; 
C: soil cover and management factor; 
P: support practice factor. 
R (rainfall and runoff factor) in Equation 8-1 reflects the effect of raindrop 
impact as well as the amount and rate of produced runoff on the soil loss due to 
erosion (Romkens et al., 1993). This factor is a measure of rainfall‟s erosive power 
and is directly related to rainfall characteristics. As discussed in Chapter 2, climate 
change exerts influence on rainfall characteristics. Therefore, climate change will 
directly impact on the erosive power of rainfall and the amount of soil detached and 
transported by runoff. Accordingly, R becomes the key climate-driven factor selected 
for investigation, which represents the power of rainfall for detaching and 
transporting pollutants to reservoirs. R factor reflects the influences of both runoff 
volume and rainfall intensity on soil erosion and transportation to water storage 
reservoirs. In this study, the relationship between runoff volume and water quality 
was also investigated separately.  
K (soil erodibility factor) in Equation 8-1 represents the effect of soil properties 
and soil profile characteristics on soil loss (Romkens, et al., 1993). Fine textured 
soils such as clay soils have a lower K factor due to their high resistance against 
detachment by runoff. In contrast, coarse textured soils such as sandy soils have a 
higher K factor, indicating easy detachment. Therefore, it is unlikely that climate 
change will alter the K factor in the future and hence K was not considered for 
investigation in this study. 
L (slope-length factor) and S (slope-steepness factor) in Equation 8-1 are 
representatives of the topographic characteristics of the area. Increased erosion due 
to more intense rainfall events in the future climate, may affect topographic 
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characteristics of the study area and change L and  S. However, such changes are 
very limited and gradual and therefore were not investigated in this study.  
C factor in Equation 8-1 reflects the impacts of vegetation cover and its stage 
of growth as well as the management approaches for soil protection against erosion 
due to runoff. Climate change may affect C factor through changing characteristics 
of vegetation cover and their growth rate. However, these changes are very gradual 
and will have limited impact on the water quality of the case study area within the 
study period. Therefore, the C factor was not investigated in this study. 
P factor in Equation 8-1 is representative of the cropland support practices such 
as contouring, strip-cropping or terracing that slow the runoff water and reduce the 
amount of sediments it can carry. Cropland support practices may change over time 
to get adapted to the new climate condition. However, the focus of this study was on 
the direct impacts of climate change on water quality and therefore impacts of 
adaptive cropland support practices were not investigated.  
8.2.1 Rainfall and runoff factor (R) 
The study required a robust mathematical equation for calculating the R factor. 
This section discusses the available techniques and their possible use in future water 
quality predictions. One of the most commonly used approaches to estimate R was 
suggested by Wischmeier and Smith (1978). As they noted, the rainfall erosion index 
(EI30) can be a representative of the R factor in the universal soil loss equation. They 
explained that EI30 reflects the erosive power of rainfall better than other parameters 
and group of parameters which have been tested as a measure of R. Wischmeier and 
Smith (1978) defined EI30 as shown in Equation 8-2. 
Rainfall erosion Index=EI30= 3010 )log893.210( I
I                  (8-2) 
where;  
E: kinetic energy (tonne.m/ha.cm); 
I30: Maximum 30 min intensity of a storm event (cm/hr); 
I: Rainfall intensity (cm/hr). 
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Wischmeier and Smith (1978) suggested that EI30 is a measure of rainfall‟s 
potential to detach soil particles and then transport them with runoff. They showed 
that the summation of EI30 values for individual storms within a period of time is the 
mathematical estimate of the erosive power of rainfall within that period. 
Wischmeier and Smith (1978) explained that, in Equation 8-2, rainfall kinetic energy 
(E) indicates the volume of rainfall and runoff. However, energy is not the only 
factor that affects the erosive power of rainfall. For instance, a long duration and low 
intensity rainfall event may have the same energy (E) as a shorter duration rainfall 
event with higher intensity, but the erosive power may not be the same. In fact, 
rainfall intensity is an important factor that affects its erosive power, and raindrop 
erosive power increases with intensity.  
Equation 8-2 suggested by Wischmeier and Smith (1978) has been the basis of 
many later studies. For instance, Rosenthal and White (1980) used this equation to 
prepare isoerodant maps for Queensland which indicate regions with similar seasonal 
erosion index distribution. However, despite the strength of Equation 8-2 in 
predicting the erosive power of rainfall, its major drawback is its need for continuous 
pluviograph data with time intervals of less than 30 min. This is not available for 
many parts of the world.  
North Pine catchment has a good availability of historical pluviograph data 
with time steps of 6 min. However, future rainfall projections are available in the 
form of daily time steps. Therefore, the equation proposed by Wischmeier and Smith 
(1978) (Equation 8-2) was not suitable for the purpose of this study and there was a 
need for an alternate approach. 
Efforts have been made around the world to develop relationships between EI30 
and the daily, monthly or annual rainfall records. In Australia, Yu and Roswell 
(1996) suggested a model to estimate monthly distribution of EI30 using daily rainfall 
data as shown in Equation 8-3: 
 



N
k
Kj RfjE
1
)2cos(1               (when   
0RRk  )         (8-3) 
where; 
Ềj= EI30 value for month j (MJ.mm/(ha.hr.yr)); 
Rk: daily rainfall (mm); 
R0: threshold rainfall amount for generating runoff (mm); 
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N: number of days with rainfall amount more than R0; 
α ,β and η: model parameters; 
f:  the fundamental frequency of the sinusoidal function; 
ω: empirical constant. 
Yu and Roswell (1996), set ω to 1/12 to obtain the highest EI30 for January. They 
also suggested  f  equal to π/6 to be used for Equation 8-3.  
Yu and Rosewell (1998) suggested two sets of model parameters for Equation 
8-3, for two rainfall threshold values R0=0 mm and R0=12.7 mm. Equations 8-4 to 8-
7 show these parameters: 
1) For R0=12.7 mm: 










RM
 26.3exp098.01395.0                                      (8-4) 
β= 1.49                                                                (8-5) 
η= 0.29                                                               (8-6) 
ψ is the mean summer rainfall and MR is the mean annual rainfall.  
 
2) For R0=0: 
    










RM
 26.3exp098.01369.0
                                 
 (8-7) 
β and η same as values for R0=12.7 mm 
ψ is the mean summer rainfall and MR is the mean annual rainfall 
Lu and Yu (2002) tested Equations 8-4 to 8-7 for 43 sites around Australia and 
demonstrated that these equations can predict monthly distribution of Ềj with a high 
level of accuracy. They tested Equations 8-4 to 8-7 for the Brisbane Aero 
meteorological station for the period 1949 to 1998 and compared the results with the 
rainfall erosion index calculated by Rosentha and White (1980) for this station. The 
results showed negligible prediction errors for both rainfall thresholds of 12.7mm 
and 0 mm. Brisbane Aero meteorological station is located around 26 km from the 
centre of North Pine catchment. This justifies the applicability of the model 
suggested by Yu and Roswell (1996) by using the parameters suggested by Yu and 
Rosewell (1998) for the case study catchment. Regarding the model parameters and 
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rainfall threshold values, Lu and Yu (2002) recommended that for areas with mean 
annual rainfall less than 400 mm, the zero threshold should be used, but for other 
areas both thresholds are acceptable. Since North Pine catchment has an average 
annual rainfall of 1175 mm, both rainfall threshold values are applicable for this area. 
However, since the results of a study at the Brisbane Aero station (Lu & Yu, 2002) 
has shown lower prediction error for 0 mm threshold, this threshold was selected for 
the calculations of rainfall erosion index in this study. 
8.3 CALCULATION OF RAINFALL EROSION INDEX FOR NORTH PINE 
CATCHMENT 
Monthly rainfall erosion index was calculated for the period 2002 to 2008 and 
the results were used to assess its relationships with monthly runoff volume, and 
water quality parameters. The period was selected based on the availability of data. 
North Pine reservoir‟s monthly water quality data are available for the period 1998 to 
2012. Observed reservoir inflow data (equivalent to catchment runoff) are available 
only for the period 2002 to 2008.  
For the calculation of monthly rainfall erosion indices for the study area, four 
rainfall stations within the catchment were selected. The selection criteria included 
the availability of long-term rainfall data (more than 20 years) so that the mean 
summer (ψ) and mean annual rainfall (MR) required for Equation 8-7 can be 
calculated for accurate assessment of future climate variability. Estimated mean 
summer rainfall (ψ), mean annual rainfall (MR) and α for 0 mm threshold for the 
selected stations are shown in Table 8-1. 
Table 8-1: Selected stations for calculation of rainfall erosion index, period of used data and 
calculated parameters (ψ, MR and α) 
Station Number Data Used for 
Calculation 
Mean Summer 
Rainfall (ψ) 
(mm) 
Mean Annual 
Rainfall (MR) 
(mm) 
α 
40063 1931 to 2012 862.96 1238.55 0.71951 
40186 1919 to 2012 817.42 1158.02 0.73011 
40308 1934 to 2012 1127.07 1644.94 0.70654 
40517 1953 to 2012 830.14 1214.81 0.70454 
 
Monthly rainfall erosion index values were calculated for each station for the 
period 2002 to 2008 using Equation 8-3 and based on the calculated α, β and η for 
each station. Values from four stations were averaged to estimate the monthly 
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erosion index for the whole catchment. Tables 8-2 to 8-8 show the calculated values 
of monthly erosion index for each station, as well as the average monthly values for 
each year over the whole catchment.  
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Table 8-2: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2002) 
2002 
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 403.64 212.66 370.44 89.81 129.07 182.15 8.04 189.38 6.55 249.47 360.83 919.89 
40186 131.20 299.55 309.19 88.43 85.42 137.61 4.76 235.45 9.91 166.92 401.34 461.82 
40308 227.37 288.70 619.26 139.76 126.77 264.76 4.99 285.37 27.52 174.43 264.79 462.57 
40517 523.14 435.61 407.16 66.89 62.74 188.25 3.40 194.52 17.95 161.51 461.41 809.92 
Average 321.34 309.13 426.51 96.22 101.00 193.19 5.30 226.18 15.48 188.08 372.09 663.55 
 
Table 8-3: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2003) 
      
2003 
      
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 25.23 1929.40 439.17 166.97 148.99 90.75 24.20 48.85 3.70 247.88 47.91 684.46 
40186 66.07 1189.98 305.19 302.00 119.82 118.37 6.50 27.91 9.01 166.08 162.27 632.32 
40308 52.73 1711.79 362.75 268.66 149.54 148.95 74.12 44.63 10.89 389.29 69.55 1073.67 
40517 27.95 1644.65 299.68 129.07 82.85 53.09 23.54 41.04 6.44 153.80 27.37 615.95 
Average 43.00 1618.95 351.70 216.67 125.30 102.79 32.09 40.61 7.51 239.26 76.78 751.60 
 
133                                                                                                                                                                         Chapter 8: North Pine reservoir‟s current and future inflow water quality 
Table 8-4: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2004) 
2004 
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 1799.01 688.94 2286.89 116.83 23.40 1.28 4.05 2.92 45.69 94.87 538.74 639.01 
40186 1327.21 1360.51 1599.36 151.09 69.07 0.00 1.59 20.74 103.23 126.03 797.28 730.59 
40308 862.89 1107.57 2680.93 202.67 61.85 5.33 12.09 61.03 54.89 156.48 427.64 1288.55 
40517 1183.32 575.32 1911.35 142.39 36.72 0.91 8.17 8.46 43.65 146.62 320.71 527.88 
Average 1293.11 933.09 2119.63 153.24 47.76 1.88 6.48 23.29 61.86 131.00 521.09 796.51 
 
Table 8-5: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2005) 
2005 
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 534.29 74.71 28.10 273.09 81.93 477.56 14.37 15.19 36.68 1110.90 594.83 416.24 
40186 731.55 37.46 20.06 133.77 55.84 385.38 7.58 33.70 48.62 607.25 601.39 234.90 
40308 946.34 29.58 38.62 345.31 93.45 480.73 16.33 58.89 75.25 852.71 535.57 241.92 
40517 599.35 28.32 12.68 209.49 58.96 204.63 18.19 12.82 51.00 1518.26 748.05 524.38 
Average 702.89 42.52 24.87 240.41 72.55 387.08 14.12 30.15 52.89 1022.28 619.96 354.36 
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Table 8-6: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2006) 
2006 
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 828.05 315.97 339.94 115.98 7.67 77.24 53.23 122.00 285.12 42.81 159.34 244.80 
40186 1059.32 553.13 283.18 42.00 10.16 57.19 71.00 69.96 233.97 61.45 257.52 184.26 
40308 484.45 459.54 432.97 38.34 55.06 145.66 74.37 108.12 430.80 54.84 182.73 318.55 
40517 650.19 250.67 211.22 92.44 18.85 33.49 59.47 133.00 270.06 30.05 177.55 185.65 
Average 755.50 394.83 316.83 72.19 22.94 78.39 64.52 108.27 304.99 47.29 194.28 233.31 
 
Table 8-7: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2007) 
2007 
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 195.64 342.77 178.22 24.88 61.71 353.57 0.29 501.96 109.28 136.99 335.38 661.17 
40186 189.42 438.55 207.58 3.17 55.68 288.21 0.81 398.48 133.18 164.75 535.50 726.97 
40308 334.36 1038.39 340.96 9.49 64.69 304.77 3.56 747.26 149.14 233.45 902.87 528.27 
40517 334.51 622.65 286.80 24.15 60.14 340.72 0.83 414.55 88.01 209.19 441.77 234.72 
Average 263.48 610.59 253.39 15.42 60.56 321.82 1.37 515.56 119.90 186.09 553.88 537.78 
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Table 8-8: Calculated monthly rainfall erosion index (MJ.mm/(ha.hr.yr)) for all stations (2008) 
2008 
Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
40063 878.34 829.00 258.68 26.93 129.35 509.14 188.37 0.05 351.36 105.87 1243.44 337.16 
40186 628.55 1102.18 50.16 72.22 88.50 660.55 134.89 0.86 258.33 117.13 1002.08 704.01 
40308 1314.54 1698.36 366.95 36.07 172.10 890.85 249.52 8.17 418.09 189.67 1676.01 462.12 
40517 867.60 1028.42 285.57 50.02 121.82 445.47 170.65 0.27 413.10 202.78 1133.02 319.38 
Average 922.26 1164.49 240.34 46.31 127.94 626.50 185.86 2.34 360.22 153.86 1263.64 455.67 
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8.4  STATISTICAL ANALYSIS  
North Pine reservoir has a history of extensive blooms of potentially toxic 
cyanobacteria, which has been related to inputs of sediment-bound phosphorous 
(Douglas et al., 2003). In addition, increased concentration of nutrients in the 
reservoir‟s water is one of the challenges in the operation of the North Pine treatment 
plant. Sources of nutrients might be originating from parts of the catchment, which 
has agricultural and residential developments (Nudgeebheec, 2013).  Furthermore, 
most of the streams in North Pine catchment have high concentrations of suspended 
solids. Erosion of soil from steep slopes and stream banks has been considered to be 
the main source of suspended solids in the North Pine catchment (Nudgeebheec, 
2013). More intense and more frequent rainfall events due to climate change, can 
increase the transport of nutrients and sediments into North Pine reservoir. In this 
study, correlations of TP, TN and TSS concentrations in the reservoir with rainfall‟s 
erosive power and runoff volume were investigated, using factor analysis. This 
analysis is discussed in the following section. 
8.4.1 Factor analysis 
Factor analysis (FA) was done on the standardized sets of monthly data 
including TP, TN, TSS, runoff volume and rainfall erosion index (represented as REI) 
for the period 2002 to 2008. Factor analysis is a multivariate technique for 
discovering unobserved and latent traits within a given set of observed variables and 
explaining their interrelationships (De Jong & Phatak, 1997). In recent years, factor 
analysis has been widely used for surface and groundwater quality assessment (for 
example (Ayoko et al., 2005; Bureau of Meteorology, 2013c; Ching et al., 2013; 
Eriksson et al., 2006; Liao et al., 2006; Wold et al., 2001). FA is based on a statistical 
model, which consists of: 
 a set of equations defining the assumed variable relationships; 
 associated distributional assumptions concerning involved variables 
(De Jong & Phatak, 1997). 
The mathematical model of FA for a set of standardized variables (x1, x2,..., xp) can 
be defined as: 
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where; 
f1,...,fm: the factors (typically m<p); 
λij: factor loadings; 
ε1,...,εp: the error terms (or residuals). 
The initial set of data used for FA included monthly values of REI, runoff 
volume and TSS, TN and TP concentration as shown in Table B-1 (Appendix B). The 
initial set of data was standardized to eliminate the differences in magnitude among 
variables. The standardized set of data is shown in Table B-2 (Appendix B). 
Correlation coefficient matrix was extracted for the standardized data to assess the 
degree of correlation between all the analysis parameters. The correlation coefficient 
matrix (Table 8-9) does not show any significant relationship between runoff volume 
and REI with water quality parameters. As can be seen from Table 8-9, the analysis 
does not show any relationship between TSS with REI and runoff volume (correlation 
coefficients are 0.003 and -0.137 respectively). TP shows a weak correlation with 
both REI and runoff volume, having coefficients of 0.280 and 0.209 respectively. 
The correlation between TN with REI and runoff volume is even weaker (correlation 
coefficients of 0.063 and 0.089 respectively). Loading plots of the data set also 
confirmed the results shown by the correlation coefficient matrix (Figure 8-1).  
 
Table 8-9: Correlation coefficient matrix 
 
Correlation REI Runoff Volume TN TP TSS 
REI 1.000     
Runoff Volume .771 1.000    
TN .063 .089 1.000   
TP .280 .209 .156 1.000  
TSS .003 -.137 -.013 -.092 1.000 
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Figure 8-1: Loading plots for North Pine reservoir‟s water quality data 
As can be seen from Figure 8-1, runoff volume and REI show a strong 
relationship. This is due to the direct use of runoff volume in derivation of REI. 
However, TP, TN and TSS do not show any significant relationship with runoff 
volume or REI. This can be due to the fact that volume of water flowing into the 
reservoir is small, compared to the volume of water stored in it. Around 76% of the 
time during the six-year analysis period, North Pine reservoir (with total capacity of 
215000), has received monthly inflow of less than 1% of its storage capacity. This 
small volume of water received by the reservoir can only cause minor changes in the 
stored water quality. In addition, the water sampling station for recording water 
quality data is located in mid-lake and far from the inlets to the lake. In this situation, 
effect of the in-lake natural processes such as sedimentation, stratification, 
euthrophication and algal blooms may be more significant on the quality of water at 
the sampling station. 
Use of averaged REI over the whole catchment for analysis, could be another 
reason for the shown weak relationship between REI and water quality parameters. 
As discussed in Section 6.3, some parts of the catchment receive rainfall 50% more 
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than the catchment average rainfall. It can be seen from Tables 8-2 to 8-8 that in 
some months, REI has high variation at different stations. For instance, in February 
2007 the calculated REI for Station 40308 is 1038.39 MJ.mm/(ha.hr.yr) while Station 
40063 has REI equal to 342.77 MJ.mm/(ha.hr.yr) at the same time (for information 
on the location of stations (see Section 6.3). In order to achieve accurate estimations 
of the amount of pollutants that can be transported to the reservoir, the REI for each 
part of the catchment needed to be considered separately.  
In addition, different parts of the catchment have different vegetation cover, 
soil and topographic characteristics and support practices for controlling erosion. 
Furthermore, different parts of the catchment have different land use practices that 
have a significant impact on the quality of runoff generated by the catchment. 
Typically, heavily forested parts of the catchment will contribute low loads of 
nutrients into runoff, while runoff from agricultural areas may contain high loads of 
nutrients. Therefore, in order to obtain accurate estimations of the relationship 
between the power of rainfall for causing erosion and the load of transported 
sediments and pollutants, the role of other factors that control erosion should also be 
considered. 
Since no significant relationship was observed between REI, runoff volume 
and water quality parameters (TP, TN and TSS), it was not possible to use future 
estimations of REI and runoff volume to project future quality of water in North Pine 
reservoir through the proposed method in this study. Therefore, future estimations of 
the case study system‟s resilience was assessed in Chapter 9 in terms of the supplied 
water quantity, and investigations of resilience in terms of quality of water were 
excluded from this study. 
The results of this study demonstrated the fact that the proposed methodology 
was not an appropriate approach for predicting the future quality of water under the 
impacts of climate change. The current state of knowledge does not permit 
assessment of future quality of water provided by North Pine reservoir, and 
undertaking a more detailed research for investigating the relationship between the 
climate variables and water quality parameters is beyond the scope of this research 
study.  
 Chapter 8: North Pine reservoir‟s current and future inflow water quality                                                            140 
8.5 CONCLUSION 
Climate change will affect the future quality of water provided by water 
resources through more intense rainfall events. Rainfall erosion index and runoff 
volume were selected as the key climate-driven factors reflecting the impact of 
climate change on the future quality of water. The relationship between the key water 
quality parameters, namely TN, TP and TSS and rainfall erosion index as well as 
runoff volume was investigated.  
Factor analysis was applied on monthly time series of REI, runoff volume and 
water quality data to investigate the correlation between these parameters. The result 
showed almost no discernible relationship exists between TP, TN and TSS with 
rainfall erosion index or runoff volume. The reasons for this outcome are attributed 
to the following: 
 The small monthly volume of water that the reservoir receives compared 
to the volume of water present in the reservoir may not have the ability to 
immediately impact the quality of water stored in the reservoir. 
 Averaging REI over the catchment as the representative of power of 
rainfall for causing erosion, can be a source of inaccuracy in the outcomes. 
The reason is that different parts of the catchment show high variation in 
monthly REI values. Considering the actual REI for each part of the 
catchment rather than the average REI, may provide more accurate 
estimations of the load of sediments transported to the reservoir.    
 In this study, only the power of rainfall for causing erosion was 
investigated and impacts of other factors such as vegetation cover, 
topographic characteristics of the catchment and management approaches 
on soil erosion have been disregarded. It might lead to an unrealistic 
estimation of the load of sediment and pollutants transported to the 
reservoir. 
From the results of this study, it can be concluded that, based on the current 
state of knowledge, an acceptable mathematical equation could not be established for 
projecting the future quality of water in the North Pine reservoir. Developing such an 
equation requires a more specialised investigation, which is beyond the scope of this 
project. 
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As a result of the lack of an appropriate tool for predicting the future impacts 
of climate change on the quality of water provided by the North Pine water supply 
system, impacts of climate change on the resilience of this system from a water 
quality perspective could not be investigated. Therefore, the future resilience of 
North Pine water supply system was assessed only in terms of the future quantity of 
water.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter 8: North Pine reservoir‟s current and future inflow water quality                                                            142 
 
 
 
 
 
143                                                                                                            Chapter 9: Measures to Predict Resilience 
Chapter 9: Measures to Predict Resilience 
9.1 INTRODUCTION 
Climate change is expected to affect the quality and quantity of water provided 
by water supply systems in the future and is expected to influence their ability to 
meet stipulated service standards. Therefore, having a reliable approach for 
predicting the future ability of water supply systems for withstanding the pressures 
and recovering from disasters will be necessary for preventing and/or mitigating the 
adverse consequences of climate change.  
Resilience is a characteristic of infrastructures and complex systems that 
defines their functionality under the impacts of pressures. Pressure can be defined as 
any circumstance that makes it difficult for the system to meet the service standards. 
The two main characteristics of a resilient system are: 
1) Ability to withstand pressures without going to failure state (in pre-disaster 
condition); 
2) Ability to recover quickly after failure (in post-disaster condition). 
It was discussed in Chapter 3 that previous measures of resilience for water supply 
systems suggested in the research literature are only able to demonstrate one of the 
characteristics of a resilient system that were mentioned above. Hence, there is the 
important need for a comprehensive measure of resilience that can reflect the 
functionality of a system in both, pre-disaster and post-disaster condition. In this 
chapter, a comprehensive measure of resilience is proposed by refining the resilience 
measures proposed in past research literature. The improved measure of resilience is 
then used to predict the resilience of the North Pine water supply system for a 
historical study period (1980 -1989) as well as three future periods (2026-2035, 
2046-2055 and 2066-2075) to assess the functionality of this system under future 
climate condition. Furthermore, the possibility of applying the improved resilience 
measure for assessing resilience of a generic water supply is discussed. 
In Chapter 7, future predictions of rainfall and evaporation for the study area 
were used to predict the monthly amount of water that will enter North Pine reservoir 
in the future for the specific time periods of 2026 to 2035, 2046 to 2055 and 2066 to 
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2075. In addition, historical climate data were used to estimate the monthly inflow to 
the reservoir in the selected historical study period of 1980 to 1989. In this chapter, 
the historical estimations and future predictions of inflow to the North Pine reservoir 
were used to develop monthly time series of water volume in North Pine reservoir 
and to calculate its resilience using the suggested improved measure of resilience. 
Also, the resilience of the North Pine water supply system was evaluated using the 
measures of resilience available in the research literature and the results were 
compared with the results obtained using the improved measure of resilience. 
In Chapter 8, efforts were made to predict the future water quality in the North 
Pine reservoir based on the predictions of future erosive power of rainfall in the area 
and characteristics of runoff. However, a scientifically robust relationship could not 
be found between the water quality parameters (TSS, TN and TP) and the 
characteristics of rainfall and runoff in the case study area. Unfortunately, this 
precluded the prediction of the future water quality with reasonable reliability. 
Consequently, in this chapter, North Pine system‟s resilience was assessed only in 
terms of the water quantity and the resilience of the system from a water quality 
perspective was not investigated. 
9.2 DEVELOPING AN IMPROVED MEASURE OF RESILIENCE 
In the management of water supply systems or any other infrastructure systems 
for that matter, answering the following questions will provide guidance towards 
more reliable management approaches:  
 What is the probability of failure under a disaster circumstance? 
 What would be the period of probable failure?  
 What would be the consequences of this failure?  
 What would be the probability of the system recovering its functionality 
after failure?   
A comprehensive measure of resilience should be capable of estimating a 
system‟s ability to avoid failure as well as to recover quickly after failure. Having 
insight to the probability of failure will give managers the opportunity to adapt their 
management policies and approaches to the current situation in order to avoid failure. 
In the case of inevitable failure, having an understanding of the length and 
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characteristics of the failure event, and its expected consequences, is necessary to 
minimise recovery time, economic losses and social consequences of failure on the 
community. This process has been summarised in Figure 9-1.  
 
 
 
 
 
As discussed in Chapter 3, a weakness in the current measures of resilience of 
water resource systems rests in the consideration of just one of the resilience criteria 
(ability to avoid failure or ability to recover quickly) simultaneously. Table 9-1 
summarises the characteristics of resilience measures suggested by Hashimoto et al. 
(1982), Moy et al. (1986) and Fiering (1982a). In this table, ResH, ResM and ResF 
represent resilience measures suggested by Hashimoto et al. (1982), Moy et al. 
(1986) and Fiering (1982a), respectively. As is evident, none of these measures is 
able to reflect both characteristics of a resilient system including the ability to 
withstand pressures without failing and the ability to recover from failure.  
The resilience measure suggested by Fiering (1982a) is the only one which 
reflects a system‟s ability to deal with pressures and disturbances and still maintain 
its functions. Resilience measures suggested by Hashimoto et al. (1982) and Moy et 
al. (1986) reflect a system‟s ability to restore after failure (Wang, et al., 2009). The 
difference between the two measures is that the resilience measure proposed by 
Changing 
condition and/or a 
disaster 
Is system likely to fail? 
Safe System Could failure be avoided through adaptive 
management approaches?  
 Alternative approaches to minimize the 
consequences of failure 
 Alternative choice of system in case of 
non-recoverable or prolonged failure 
 
 What would be the likely period of 
failure? 
 What would be the consequences of 
this failure? 
 What would be the probability of the 
system recovering functionality after 
failure within an acceptable/ 
nominated timeframe? 
 
 
 
No Yes 
Yes 
No 
Figure 9-1: Schematic of system management under changing conditions or in the case of a disaster 
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Hashimoto et al. (1982) provides an estimate of the average length of failure events 
the system has experienced in the past while the resilience measure suggested by 
Moy et al. (1986) demonstrates the characteristics of the worst failure event that the 
system has experienced previously.  
Table 9-1: Characteristics of resilience measures suggested by Hashimoto et al. (1982), Moy et al.  
(1986) and Fiering (1982a), represented by RH, RM and RF respectively. 
Characteristics Resilience Measure 
ResH ResM ResF 
Reflects system‟s ability to restore from failure 
   
Reflects an estimate of the worst failure condition the system 
may experience 
   
Reflects system‟s ability to absorb pressures without going to 
failure state 
   
 
In general, it is ideal that a comprehensive measure of resilience be able to 
demonstrate: 
1) A system‟s ability to absorb pressures without going to failure state; 
2) Additionally, if a system were to go into failure state, its ability to restore 
itself after failure. 
Therefore, since each of the previous measures of resilience reflects just one of these 
characteristics, it can be concluded that an improved measure of resilience should be 
a combination of previous measures. The proposed improved measure of resilience 
should be a function of the measure proposed by Fiering (1982a) to reflect a system‟s 
ability to cope with pressure and one of the measures proposed by Moy et al. (1986) 
or Hashimoto et al. (1982) to represent the system behaviour in failure condition. In a 
comparison between resilience measures by Moy et al. (1986) and Hashimoto et al. 
(1982), the measure by Moy et al. (1986) is more preferable, as the equation by 
Hashimoto et al. (1982) averages the length of failure events and will cause 
overestimation of a system‟s resilience because short and low-significance failure 
events will decrease the average length of failure events calculated (Kundzewicz & 
Kindler, 1995). Therefore, the improved measure of resilience (ResImproved) can be 
illustrated by Equation 9-1: 
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                 )Re,(ReRe MFimproved ssfs                                  (9-1)                                                                      
One of the possible forms of ResImproved can be, defining it as the result of multiplying 
the resilience measures proposed by Moy et al. (1986) and Fiering (1982a) with 
appropriate weights assigned to each measure, based on the purpose of the study: 
 bM
a
Fimproved sss )(Re)(ReRe                              (9-2) 
a and b are the weights given to each of ResM and ResF.  
where;  
                                a+b=1                and              10  a      ,     10  b  
Values to a and b are dependent on the strategic priorities in the management of a 
water supply system. In the case where the first priority is the system‟s ability to 
avoid failure, a should be allocated a value higher than b. In contrast, if a system‟s 
behaviour in failure condition is of more importance, b should be higher than a. In 
the case that management approaches are based on a system‟s function in both pre-
disaster and post-disaster condition, a and b should be equal. The advantage of this 
method of defining the improved measure of resilience is that: 
 It incorporates both characteristics of ResF and ResM ; 
 Testing this method for example systems with different patterns of failure 
and function, demonstrates that ResImproved provides more acceptable 
estimations of resilience compared to ResH, ResM and ResF (see the 
following example). 
Advantages of the improved resilience measure can be illustrated by testing this 
measure as well as previous resilience measures on three hypothetical systems with 
different patterns of failure and function: 
System 1:  S, S, F, F, F, S, S, S, S, S, S 
System 2:  S, S, F, F, F, S, S, F, S, F, S 
System 3:  S, F, S, F, S, F, S, F, S, F, S  
where; S represents the satisfactory state and F represents failure state.  
All the three example systems have been monitored over 11 time steps. System 1 has 
a failure event with a length of three consecutive time steps. System 2 has three 
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failure events; one with three time steps length and the other two with just one time 
step length. System 3 has five failure events with a length of just one time step each.  
Based on the strategic priorities, different weightings can be assigned to a and 
b in Equation 9-2. In this example, the following weighting options have been 
investigated: 
1) a=0.1 and b=0.9 
2) a=0.2 and b=0.8 
3) a=0.3 and b=0.7 
4) a=0.4 and b=0.6 
5) a=0.5 and b=0.5 
6) a=0.6 and b=0.4 
7) a=0.7 and b=0.3 
8) a=0.8 and b=0.2 
9) a=0.9 and b=0.1 
Case 5, demonstrates the condition that system‟s ability to absorb pressures 
without going to failure state and its ability to recover after failure are of equal 
importance for these three systems. In this case, Equation 9-2 can be re-written as: 
5.05.0 )(Re)(ReRe MFimproved sss                                             (9-3) 
As given in Chapter 3, ResH, ResM  and ResF could be calculated based on 
Equations 3-3, 3-4 and 3-9 respectively: 
  1
1
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s                                               (3-3) 
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             
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iF as
0
Re                                                              (3-9) 
Table 9-2 gives the values determined for ResH, ResM , ResF and ResImproved 
based on the discussed equations.  
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Table 9-2: Resilience measures calculated for the three example systems using ResH, ResM , Resf and  
ResImproved 
Resilience Measure System 1 System 2 System 3 
RH 0.33 0.6 1 
RM 0.33 0.33 1 
RF 0.7 0.5 0.5 
RImproved (a=0.1, b=0.9) 0.36 0.34 0.93 
RImproved (a=0.2, b=0.8) 0.38 0.36 0.87 
RImproved (a=0.3, b=0.7) 0.41 0.37 0.81 
RImproved (a=0.4, b=0.6) 0.45 0.39 0.76 
RImproved (a=0.5, b=0.5) 0.48 0.41 0.71 
RImproved (a=0.6, b=0.4) 0.52 0.42 0.66 
RImproved (a=0.7, b=0.3) 0.56 0.44 0.62 
RImproved (a=0.8, b=0.2) 0.60 0.46 0.57 
RImproved (a=0.9, b=0.1) 0.65 0.48 0.54 
 
Comparing Systems 1 and 2, it is evident that System 1 is more resilient as it 
has just one failure event, while the resilience measure proposed by Moy et al. 
(1986) gives equal values for both systems, which is not acceptable.  
The resilience measure proposed by Hashimoto et al. (1982) presents higher 
resilience for System 2. However, as it was discussed, System 2 has experienced 
more failure events and has shown less resilience in terms of the ability to withstand 
pressures. Therefore the resilience measures  calculated for Systems 1 and 2 based on 
the equation proposed by Hashimoto et al. (1982) cannot be acceptable. ResImproved  
shows higher resilience for system 1 compared to system 2 for all alternative 
combinations of a and b which is reasonable.  
Cases with b>a, represent the condition that system‟s ability to recover after 
failure is of more importance than its ability to avoid failure. In these cases, 
ResImproved shows the highest resilience for System 3, which has experienced the 
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shortest failure events and the lowest resilience for System 2, which is to be expected 
given that it had one long failure and two short failure events. The resilience measure 
suggested by Fiering (1982a) assigns equal resilience values to Systems 2 and 3 
while these two systems evidently have totally different behaviours under the disaster 
condition.  
Comparison of the outcome of the four resilience measures undertaken 
confirms the fact that the improved measure can provide an improved understanding 
of the system‟s function under the impacts of pressures. The proposed equation for 
ResImproved  does not appear to have the shortcomings of the previous measures of 
resilience and is able to assess both resilience criteria (ability to avoid failure or 
ability to recover quickly) satisfactorily. Therefore, in this study, ResImproved was 
applied to the case study system (North Pine water supply system) to determine its 
current and future resilience under the impacts of climate change. The proposed 
equation for ResImproved may not be unique and could be one of the many possible 
equations. However, the primary purpose of this study was to develop a robust 
approach for estimating the resilience of water supply systems under future climate 
conditions and if appropriate, this approach would be underpinned by past research 
undertaken in relation to the development of resilience measures.  
9.3 EVALUATION OF THE CURRENT AND FUTURE RESILIENCE OF 
NORTH PINE WATER SUPPLY SYSTEM 
9.3.1 Creating time series of the state of system function over the study period 
In order to estimate the resilience of the North Pine water supply system based 
on ResImproved,, time series of the state of system function were created based on the 
estimated reservoir‟s monthly inflow in Chapter 7. In addition, an average monthly 
outflow was assumed for the system based on the previous data available for the 
reservoir. The mass balance equation between the water volume in the reservoir, 
inflow to the reservoir and outflow from the reservoir can be written as: 
1,,,,  iavailableioutiavailableiin VVVV                      (9-4) 
where;  
Vin,i: volume of inflow to the reservoir  in month i 
Vavailable,i: available volume of water in the reservoir in month i 
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Vout,i: volume of water extracted from reservoir in month i 
Vavailable, i+1: available volume of water in reservoir in month i+1 
The following steps have been taken in order to develop time series of the 
North Pine water supply system function for the periods 1980-1989, 2026-2035, 
2046-2055 and 2066-2075: 
1) Time series of inflow to the reservoir as Vin,i over different periods (1980-
1989, 2026-2035, 2046-2055 and 2066-2075) were created based on 
calculated values in Chapter 7. As discussed in Chapter 7, for the future 
analysis periods (namely 2026-2035, 2046-2055 and 2066-2075) results of 
analysis for the climate data Set 1 were identified as critical and were 
selected as the time series of inflow to the system (Vin,i) (see Section 7.6); 
2) Data for the monthly release of water for the North Pine reservoir is 
available from 1/2002 to 8/2012, which is shown in Table C-1 (see 
Appendix C). From the available data, the average monthly release from 
North Pine reservoir has been calculated to be equal to 7177 ML/month, 
therefore Vout,i was assumed to be equal to this value; 
3) Vavailable,i, Vin,i and Vout,i from previous steps were applied into Equation 9-4 
to calculate water volume in the reservoir in each month as a percentage of 
full reservoir capacity; 
4) Different failure criteria for the system including water volume below 
30%, 20%, 10%, 5% and 1% of the full capacity were defined for 
developing system‟s functional states; 
5) Time series of the state-of-system function over the analysis periods 
(1980-1989, 2026-2035, 2046-2055 and 2066-2075) were created, based 
on calculated water volume in the reservoir for each month and comparing 
it with the failure criteria. 
The objective of this project was to investigate changes to the North Pine 
system‟s resilience over time under the future predicted climate condition. In order to 
exclude the impacts of initial condition from the resilience assessment, it was 
assumed that all study periods were started with the same water volume in the 
reservoir. The assumption was that the system was full at the beginning of each of 
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analysis periods (Vavailable,1=214,300 ML). This assumption will provide estimations 
of the highest possible resilience that the system may show over each period. 
However, the pattern of changes of resilience over time will not be affected by the 
assumption of initial water volume in the reservoir. 
Tables 9-3 to 9-6 show the water volume in the reservoir for each month as a 
percentage of full reservoir capacity. Table 9-7 provides information on the number 
and length of the failure events for all study periods and all failure criteria. Failure 
events for the 30% failure criteria are highlighted with red colour in Tables 9-3 to 9-
6, as an example.  
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Table 9-3: Monthly time series of water volume in North Pine reservoir for the period 1980-1989. 
Failure events for the 30% failure criteria are highlighted with red colour. 
Month/Year Water Volume % Capacity 
Functional 
state 
 1/1980 207410.6 96.9 S 
 2/1980 203159.4 94.9 S 
 3/1980 196551.8 91.8 S 
 4/1980 189574.0 88.6 S 
 5/1980 214000.0 100.0 S 
 6/1980 213952.7 100.0 S 
 7/1980 207582.8 97.0 S 
 8/1980 201956.9 94.4 S 
 9/1980 194807.1 91.0 S 
10/1980 191913.0 89.7 S 
11/1980 186727.8 87.3 S 
12/1980 196642.8 91.9 S 
 1/1981 208336.6 97.4 S 
 2/1981 214000.0 100.0 S 
 3/1981 214000.0 100.0 S 
 4/1981 214000.0 100.0 S 
 5/1981 213247.9 99.6 S 
 6/1981 212701.9 99.4 S 
 7/1981 206889.4 96.7 S 
 8/1981 200361.2 93.6 S 
 9/1981 193293.4 90.3 S 
10/1981 186117.9 87.0 S 
11/1981 201570.8 94.2 S 
12/1981 206681.4 96.6 S 
 1/1982 214000 100.0 S 
 2/1982 214000 100.0 S 
 3/1982 214000 100.0 S 
 4/1982 214000 100.0 S 
5/1982 210628.0 98.4 S 
 6/1982 208739.5 97.5 S 
 7/1982 201703.5 94.3 S 
 8/1982 194558.3 90.9 S 
 9/1982 193101.2 90.2 S 
10/1982 191867.1 89.7 S 
11/1982 184962.8 86.4 S 
12/1982 182064.7 85.1 S 
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Table 9-3: Monthly time series of water volume in North Pine reservoir for the period 1980-1989. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year Water Volume % Capacity 
Functional 
state 
1/1983 179378.1 83.8 S 
2/1983 172937.2 80.8 S 
3/1983 169553.6 79.2 S 
4/1983 171710.8 80.2 S 
5/1983 214000 100.0 S 
6/1983 214000 100.0 S 
7/1983 214000 100.0 S 
8/1983 211905.9 99.0 S 
9/1983 206020.6 96.3 S 
10/1983 206195.4 96.4 S 
11/1983 214000 100.0 S 
12/1983 214000 100.0 S 
1/1984 214000 100.0 S 
2/1984 209889.9 98.1 S 
3/1984 204753.4 95.7 S 
4/1984 212623.4 99.4 S 
5/1984 206234.5 96.4 S 
6/1984 202170.5 94.5 S 
7/1984 206803.3 96.6 S 
8/1984 206214.0 96.4 S 
9/1984 199768.9 93.3 S 
10/1984 196091.7 91.6 S 
11/1984 198126.9 92.6 S 
12/1984 194632.3 90.9 S 
1/1985 194745.8 91.0 S 
2/1985 190811.6 89.2 S 
3/1985 200219.7 93.6 S 
4/1985 205236.4 95.9 S 
5/1985 201973.5 94.4 S 
6/1985 202331.5 94.5 S 
7/1985 210929.6 98.6 S 
8/1985 204611.5 95.6 S 
9/1985 200684.8 93.8 S 
10/1985 197476.3 92.3 S 
11/1985 196043.5 91.6 S 
12/1985 191613.5 89.5 S 
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Table 9-3: Monthly time series of water volume in North Pine reservoir for the period 1980-1989. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year Water Volume % Capacity 
Functional 
state 
1/1986 185052.8 86.5 S 
2/1986 178326.9 83.3 S 
3/1986 171208.6 80.0 S 
4/1986 164073.2 76.7 S 
5/1986 157063.7 73.4 S 
6/1986 149886.7 70.0 S 
7/1986 142734.2 66.7 S 
8/1986 135569.4 63.4 S 
9/1986 128392.4 60.0 S 
10/1986 121894.8 57.0 S 
11/1986 115975.9 54.2 S 
12/1986 115731.0 54.1 S 
1/1987 115470.6 54.0 S 
2/1987 110385.7 51.6 S 
3/1987 107111.5 50.1 S 
4/1987 100368.6 46.9 S 
5/1987 95609.4 44.7 S 
6/1987 88707.4 41.5 S 
7/1987 82197.7 38.4 S 
8/1987 77962.2 36.4 S 
9/1987 71242.6 33.3 S 
10/1987 74678.2 34.9 S 
11/1987 69428.1 32.4 S 
12/1987 65597.1 30.7 S 
1/1988 58623.0 27.4 F 
2/1988 57390.4 26.8 F 
3/1988 54843.6 25.6 F 
4/1988 212418.1 99.3 S 
5/1988 213916.6 100.0 S 
6/1988 214000.0 100.0 S 
7/1988 214000.0 100.0 S 
8/1988 210354.2 98.3 S 
9/1988 204964.3 95.8 S 
10/1988 198038.0 92.5 S 
11/1988 190867.0 89.2 S 
12/1988 208617.0 97.5 S 
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Table 9-3: Monthly time series of water volume in North Pine reservoir for the period 1980-1989. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
1/1989 209325.1 97.8 S 
2/1989 208189.8 97.3 S 
3/1983 211380.4 98.8 S 
4/1989 214000.0 100.0 S 
5/1989 214000.0 100.0 S 
6/1989 214000.0 100.0 S 
7/1989 211621.6 98.9 S 
8/1989 210062.5 98.2 S 
9/1989 203758.7 95.2 S 
10/1989 197034.2 92.1 S 
11/1989 192449.5 89.9 S 
12/1989 185615.7 86.7 S 
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Table 9-4: Monthly time series of water volume in North Pine reservoir for the period 2026-2035. 
Failure events for the 30% failure criteria are highlighted with red colour. 
Month/Year 
Water 
Volume 
% Capacity Functional state 
1/2026 207388.2 96.9 S 
2/2026 202867.1 94.8 S 
3/2026 196306.5 91.7 S 
4/2026 189286.5 88.5 S 
5/2026 214000.0 100.0 S 
6/2026 214000.0 100.0 S 
7/2026 207059.8 96.8 S 
8/2026 201568.7 94.2 S 
9/2026 194415.3 90.8 S 
10/2026 190587.2 89.1 S 
11/2026 185186.0 86.5 S 
12/2026 193575.6 90.5 S 
1/2027 205074.7 95.8 S 
2/2027 214000.0 100.0 S 
3/2027 214000.0 100.0 S 
4/2027 214000.0 100.0 S 
5/2027 212403.8 99.3 S 
6/2027 211157.5 98.7 S 
7/2027 205046.9 95.8 S 
8/2027 198342.8 92.7 S 
9/2027 191217.9 89.4 S 
10/2027 184041.0 86.0 S 
11/2027 195847.9 91.5 S 
12/2027 199659.3 93.3 S 
1/2028 214000.0 100.0 S 
2/2028 214000.0 100.0 S 
3/2028 214000.0 100.0 S 
4/2028 213603.1 99.8 S 
5/2028 209834.5 98.1 S 
6/2028 207319.8 96.9 S 
7/2028 200265.8 93.6 S 
8/2028 193110.5 90.2 S 
9/2028 190495.2 89.0 S 
10/2028 188000.6 87.9 S 
11/2028 181034.3 84.6 S 
12/2028 177570.1 83.0 S 
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Table: 9-4: Monthly time series of water volume in North Pine reservoir for the period 2026-2035. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
1/2029 174510.7 81.5 S 
2/2029 167998.4 78.5 S 
3/2029 163891.8 76.6 S 
4/2029 164825.1 77.0 S 
5/2029 204432.2 95.5 S 
6/2029 214000.0 100.0 S 
7/2029 214000.0 100.0 S 
8/2029 210949.3 98.6 S 
9/2029 204787.2 95.7 S 
10/2029 203609.6 95.1 S 
11/2029 211298.0 98.7 S 
12/2029 214000.0 100.0 S 
1/2030 214000.0 100.0 S 
2/2030 209527.7 97.9 S 
3/2030 204163.8 95.4 S 
4/2030 210318.9 98.3 S 
5/2030 203917.9 95.3 S 
6/2030 199226.4 93.1 S 
7/2030 201288.2 94.1 S 
8/2030 200378.2 93.6 S 
9/2030 193745.3 90.5 S 
10/2030 189101.9 88.4 S 
11/2030 189189.2 88.4 S 
12/2030 185060.5 86.5 S 
1/2031 184348.7 86.1 S 
 2/2031 180041.2 84.1 S 
 3/2031 187630.1 87.7 S 
 4/2031 191090.4 89.3 S 
 5/2031 187292.7 87.5 S 
 6/2031 186621.0 87.2 S 
 7/2031 192966.1 90.2 S 
 8/2031 186572.6 87.2 S 
 9/2031 181907.7 85.0 S 
10/2031 177450.5 82.9 S 
11/2031 174800.6 81.7 S 
12/2031 169786.4 79.3 S 
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Table: 9-4: Monthly time series of water volume in North Pine reservoir for the period 2026-2035. 
Failure events for the 30% failure criteria are highlighted with red colour  (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2032 163065.6 76.2 S 
 2/2032 156269.2 73.0 S 
 3/2032 149118.2 69.7 S 
 4/2032 141969.7 66.3 S 
 5/2032 134911.5 63.0 S 
 6/2032 127734.5 59.7 S 
 7/2032 120567.3 56.3 S 
 8/2032 113396.4 53.0 S 
 9/2032 106219.4 49.6 S 
10/2032 99540.5 46.5 S 
11/2032 93307.6 43.6 S 
12/2032 91797.8 42.9 S 
 1/2033 90723.1 42.4 S 
 2/2033 85335.0 39.9 S 
 3/2033 81348.8 38.0 S 
 4/2033 74500.5 34.8 S 
 5/2033 69113.9 32.3 S 
 6/2033 62120.8 29.0 F 
 7/2033 55427.4 25.9 F 
 8/2033 50172.9 23.4 F 
 9/2033 43257.6 20.2 F 
10/2033 44546.3 20.8 F 
11/2033 38844.7 18.2 F 
12/2033 34412.5 16.1 F 
 1/2034 27373.9 12.8 F 
 2/2034 25467.8 11.9 F 
 3/2034 22263.8 10.4 F 
 4/2034 169842.9 79.4 S 
 5/2034 171931.3 80.3 S 
 6/2034 211491.6 98.8 S 
 7/2034 214000.0 100.0 S 
 8/2034 209859.7 98.1 S 
 9/2034 204072.9 95.4 S 
10/2034 197077.9 92.1 S 
11/2034 189901.5 88.7 S 
12/2034 206127.8 96.3 S 
 
 
 Chapter 9: Measures to Predict Resilience                                                                                                            160 
Table: 9-4: Monthly time series of water volume in North Pine reservoir for the period 2026-2035. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2035 206995.4 96.7 S 
 2/2035 205553.9 96.1 S 
 3/2035 206669.2 96.6 S 
 4/2035 214000.0 100.0 S 
 5/2035 214000.0 100.0 S 
 6/2035 214000.0 100.0 S 
 7/2035 210614.9 98.4 S 
 8/2035 208148.3 97.3 S 
 9/2035 201810.2 94.3 S 
10/2035 194985.5 91.1 S 
11/2035 189594.4 88.6 S 
12/2035 182664.7 85.4 S 
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Table 9-5: Monthly time series of water volume in North Pine reservoir for the period 2046-2055. 
Failure events for the 30% failure criteria are highlighted with red colour. 
Month/Year 
Water 
Volume 
% Capacity 
Functional 
state 
 1/2046 207345.7 96.9 S 
 2/2046 202528.9 94.6 S 
 3/2046 195864.3 91.5 S 
 4/2046 188812.1 88.2 S 
 5/2046 212865.9 99.5 S 
 6/2046 212614.3 99.4 S 
 7/2046 205652.5 96.1 S 
 8/2046 199817.8 93.4 S 
 9/2046 192658.4 90.0 S 
10/2046 188339.3 88.0 S 
11/2046 182599.2 85.3 S 
12/2046 189726.1 88.7 S 
 1/2047 200265.5 93.6 S 
 2/2047 214000.0 100.0 S 
 3/2047 214000.0 100.0 S 
 4/2047 214000.0 100.0 S 
 5/2047 211900.8 99.0 S 
 6/2047 209941.9 98.1 S 
 7/2047 203614.3 95.1 S 
 8/2047 196777.8 92.0 S 
 9/2047 189615.4 88.6 S 
10/2047 182438.4 85.3 S 
11/2047 191601.5 89.5 S 
12/2047 194127.0 90.7 S 
 1/2048 214000.0 100.0 S 
 2/2048 214000.0 100.0 S 
 3/2048 214000.0 100.0 S 
 4/2048 212993.3 99.5 S 
 5/2048 208947.3 97.6 S 
 6/2048 205992.9 96.3 S 
 7/2048 198926.2 93.0 S 
 8/2048 191764.6 89.6 S 
 9/2048 188341.7 88.0 S 
10/2048 184933.1 86.4 S 
11/2048 177920.6 83.1 S 
12/2048 173830.3 81.2 S 
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Table 9-5: Monthly time series of water volume in North Pine reservoir for the period 2046-2055.  
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2049 170272.1 79.6 S 
 2/2049 163667.5 76.5 S 
 3/2049 158957.4 74.3 S 
 4/2049 158934.8 74.3 S 
 5/2049 195751.4 91.5 S 
 6/2049 214000.0 100.0 S 
 7/2049 214000.0 100.0 S 
 8/2049 210097.6 98.2 S 
 9/2049 203693.1 95.2 S 
10/2049 201453.9 94.1 S 
11/2049 207183.0 96.8 S 
12/2049 214000.0 100.0 S 
 1/2050 214000.0 100.0 S 
 2/2050 209256.0 97.8 S 
 3/2050 203593.8 95.1 S 
 4/2050 208519.2 97.4 S 
 5/2050 202037.6 94.4 S 
 6/2050 196894.0 92.0 S 
 7/2050 197470.2 92.3 S 
 8/2050 195559.6 91.4 S 
 9/2050 188782.2 88.2 S 
10/2050 183544.8 85.8 S 
11/2050 182131.5 85.1 S 
12/2050 177392.7 82.9 S 
 1/2051 175742.6 82.1 S 
 2/2051 171066.5 79.9 S 
 3/2051 177156.1 82.8 S 
 4/2051 179545.6 83.9 S 
 5/2051 175388.4 82.0 S 
 6/2051 173807.7 81.2 S 
 7/2051 178298.3 83.3 S 
 8/2051 171786.6 80.3 S 
 9/2051 166580.3 77.8 S 
10/2051 161418.3 75.4 S 
11/2051 157660.2 73.7 S 
12/2051 152091.5 71.1 S 
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Table 9-5: Monthly time series of water volume in North Pine reservoir for the period 2046-2055.  
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2052 145230.5 67.9 S 
 2/2052 138367.1 64.7 S 
 3/2052 131195.9 61.3 S 
 4/2052 124039.0 58.0 S 
 5/2052 116949.9 54.6 S 
 6/2052 109772.9 51.3 S 
 7/2052 102598.4 47.9 S 
 8/2052 95423.7 44.6 S 
 9/2052 88246.7 41.2 S 
10/2052 81443.1 38.1 S 
11/2052 75013.8 35.1 S 
12/2052 72462.8 33.9 S 
 1/2053 70477.4 32.9 S 
 2/2053 64724.2 30.2 S 
 3/2053 60123.9 28.1 F 
 4/2053 53195.2 24.9 F 
 5/2053 47389.2 22.1 F 
 6/2053 40334.8 18.8 F 
 7/2053 33527.4 15.7 F 
 8/2053 27618.0 12.9 F 
 9/2053 20586.9 9.6 F 
10/2053 20261.6 9.5 F 
11/2053 14222.5 6.6 F 
12/2053 9230.4 4.3 F 
 1/2054 2141.7 1.0 F 
 2/2054 0.0 0.0 F 
 3/2054 0.0 0.0 F 
 4/2054 141150.2 66.0 S 
 5/2054 142858.4 66.8 S 
 6/2054 178755.2 83.5 S 
 7/2054 193458.2 90.4 S 
 8/2054 188893.6 88.3 S 
 9/2054 182792.7 85.4 S 
10/2054 175750.5 82.1 S 
11/2054 168573.5 78.8 S 
12/2054 183553.1 85.8 S 
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Table 9-5: Monthly time series of water volume in North Pine reservoir for the period 2046-2055. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.) 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2055 183795.7 85.9 S 
 2/2055 181850.6 85.0 S 
 3/2055 181972.8 85.0 S 
 4/2055 214000.0 100.0 S 
 5/2055 214000.0 100.0 S 
 6/2055 214000.0 100.0 S 
 7/2055 209634.7 98.0 S 
 8/2055 206470.3 96.5 S 
 9/2055 200004.5 93.5 S 
10/2055 193116.0 90.2 S 
11/2055 187194.4 87.5 S 
12/2055 180170.6 84.2 S 
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Table 9-6: Monthly time series of water volume in North Pine reservoir for the period 2066-2075. 
Failure events for the 30% failure criteria are highlighted with red colour. 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2066 207320.3 96.9 S 
 2/2066 202312.5 94.5 S 
 3/2066 195574.0 91.4 S 
 4/2066 188489.8 88.1 S 
 5/2066 209548.7 97.9 S 
 6/2066 208637.3 97.5 S 
 7/2066 201648.5 94.2 S 
 8/2066 195447.7 91.3 S 
 9/2066 188282.3 88.0 S 
10/2066 183354.4 85.7 S 
11/2066 177210.3 82.8 S 
12/2066 183229.5 85.6 S 
 1/2067 193071.3 90.2 S 
 2/2067 214000.0 100.0 S 
 3/2067 214000.0 100.0 S 
 4/2067 214000.0 100.0 S 
 5/2067 211234.2 98.7 S 
 6/2067 208472.8 97.4 S 
 7/2067 201923.1 94.4 S 
 8/2067 194973.2 91.1 S 
 9/2067 187797.2 87.8 S 
10/2067 180620.2 84.4 S 
11/2067 186437.2 87.1 S 
12/2067 187561.9 87.6 S 
 1/2068 214000.0 100.0 S 
 2/2068 214000.0 100.0 S 
 3/2068 214000.0 100.0 S 
 4/2068 212196.7 99.2 S 
 5/2068 207785.7 97.1 S 
 6/2068 204260.1 95.4 S 
 7/2068 197177.1 92.1 S 
 8/2058 190009.4 88.8 S 
 9/2068 185610.4 86.7 S 
10/2068 181114.4 84.6 S 
11/2068 174048.7 81.3 S 
12/2068 169430.2 79.2 S 
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Table 9-6: Monthly time series of water volume in North Pine reservoir for the period 2066-2075. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2069 165451.8 77.3 S 
 2/2069 158775.3 74.2 S 
 3/2069 153486.7 71.7 S 
 4/2069 152314.4 71.2 S 
 5/2069 185335.3 86.6 S 
 6/2069 214000.0 100.0 S 
 7/2069 214000.0 100.0 S 
 8/2069 209242.7 97.8 S 
 9/2069 202604.4 94.7 S 
10/2069 199071.1 93.0 S 
11/2069 202283.3 94.5 S 
12/2069 210192.8 98.2 S 
 1/2070 210532.3 98.4 S 
 2/2070 205522.0 96.0 S 
 3/2070 199533.0 93.2 S 
 4/2070 202922.0 94.8 S 
 5/2070 196340.2 91.7 S 
 6/2070 190722.4 89.1 S 
 7/2070 189732.1 88.7 S 
 8/2070 186763.7 87.3 S 
 9/2070 179831.7 84.0 S 
10/2070 173954.7 81.3 S 
11/2070 170814.7 79.8 S 
12/2070 165446.4 77.3 S 
 1/2071 162902.8 76.1 S 
 2/2071 157905.5 73.8 S 
 3/2071 162259.3 75.8 S 
 4/2071 163273.8 76.3 S 
 5/2071 158649.2 74.1 S 
 6/2071 156047.4 72.9 S 
 7/2071 158596.9 74.1 S 
 8/2071 151962.1 71.0 S 
 9/2071 146117.8 68.3 S 
10/2071 140253.8 65.5 S 
11/2071 135242.3 63.2 S 
12/2071 129138.4 60.3 S 
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Table 9-6: Monthly time series of water volume in North Pine reservoir for the period 2066-2075. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
 1/2072 122176.0 57.1 S 
 2/2072 115262.7 53.9 S 
 3/2072 108086.3 50.5 S 
 4/2072 100921.7 47.2 S 
 5/2072 93807.0 43.8 S 
 6/2072 86630.0 40.5 S 
 7/2072 79453.0 37.1 S 
 8/2072 72276.1 33.8 S 
 9/2072 65099.1 30.4 S 
10/2072 58165.8 27.2 F 
11/2072 51519.4 24.1 F 
12/2072 47854.9 22.4 F 
 1/2073 44978.2 21.0 F 
 2/2073 38906.9 18.2 F 
 3/2073 33663.8 15.7 F 
 4/2073 26648.8 12.5 F 
 5/2073 20412.9 9.5 F 
 6/2073 13301.0 6.2 F 
 7/2073 6389.2 3.0 F 
 8/2073 0.0 0.0 F 
 9/2073 0.0 0.0 F 
10/2073 0.0 0.0 F 
11/2073 0.0 0.0 F 
12/2073 0.0 0.0 F 
1/2074 0.0 0.0 F 
2/2074 0.0 0.0 F 
3/2074 0.0 0.0 F 
4/2074 132184.2 61.8 S 
5/2074 133351.9 62.3 S 
6/2074 165408.6 77.3 S 
7/2074 177834.2 83.1 S 
8/2074 172819.3 80.8 S 
9/2074 166421.3 77.8 S 
10/2074 159335.3 74.5 S 
11/2074 152158.3 71.1 S 
12/2074 166351.1 77.7 S 
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Table 9-6: Monthly time series of water volume in North Pine reservoir for the period 2066-2075. 
Failure events for the 30% failure criteria are highlighted with red colour (contd.). 
Month/Year 
Water 
Volume 
% Capacity Functional state 
1/2075 166156.5 77.6 S 
2/2075 163813.2 76.5 S 
3/2075 162807.1 76.1 S 
4/2075 214000.0 100.0 S 
5/2075 214000.0 100.0 S 
6/2075 214000.0 100.0 S 
7/2075 208778.3 97.6 S 
8/2075 204858.7 95.7 S 
9/2075 198256.2 92.6 S 
10/2075 191296.5 89.4 S 
11/2075 184834.2 86.4 S 
12/2075 177738.3 83.1 S 
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Table 9-7: Length of failure events for each analysis period 
Analysis period Number of failure events 
Length of failure events 
(month) 
Failure Criteria : Water Volume <= 30% Full Reservoir Capacity 
1980-1989 1 3 
2026-2035 1 10 
2046-2055 1 13 
2066-2075 1 18 
Failure Criteria : Water Volume <= 20% Full Reservoir Capacity 
1980-1989 0 - 
2026-2035 1 5 
2046-2055 1 10 
2066-2075 1 14 
Failure Criteria : Water Volume <= 10% Full Reservoir Capacity 
1980-1989 0 - 
2026-2035 0 - 
2046-2055 1 7 
2066-2075 1 11 
Failure Criteria : Water Volume <= 5% Full Reservoir Capacity 
1980-1989 0 - 
2026-2035 0 - 
2046-2055 1 4 
2066-2075 1 9 
Failure Criteria : Water Volume <= 1% Full Reservoir Capacity 
1980-1989 0 - 
2026-2035 0 - 
2046-2055 1 3 
2066-2075 1 8 
 
As is evident from Table 9-7, North Pine water supply system will experience 
different failure events with different lengths of time for each failure criteria and over 
each of the analysis periods. From Table 9-7 it is evident the adverse impacts of 
climate change on the functionality of the North Pine water supply system will 
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become more significant later in the century. During the period 1980-1989, under the 
30% failure criteria, the system was been in failure state for just three consecutive 
time steps of one month (from the total of 120 time steps), while the length of failure 
event will increase to 18 time steps over the period 2066-2075. For the failure criteria 
20%, the system did not experience any failure events over the period 1980-1989, 
while it will have failure events with lengths of 5, 10 and 14 consecutive time steps 
over the periods 2026-2035, 2046-2055 and 2066-2055 respectively. Similarly, for 
other failure criteria, climate change shows a more significant impact later in the 
century. 
9.3.2 Estimation of resilience of the North Pine water supply system 
In this study, it was assumed that the water supply system‟s ability to absorb 
pressures without going to failure state and its ability to recover after failure are of 
equal importance. Equation 9-3 assigns equal weights to the system‟s ability to avoid 
failure as well as its ability to recover after failure (see Section 9.2). Therefore, it was 
applicable for estimating the case study water supply system‟s resilience.  
Equation 9-3 was used to calculate resilience of North Pine water supply 
system for four study periods namely 1980-1989, 2026-2035, 2046-2055 and 2066-
2075. According to this equation, the improved resilience measure is a function of 
the resilience measure proposed by Moy et al. (1986) and the resilience measure 
proposed by Fiering (1982a). Therefore, firstly the system‟s resilience needed to be 
calculated based on the measures by Moy et al. (1986) and Fiering (1982a) for each 
period based on different failure criteria and then the calculated values had to be 
applied to Equation 9-3 to determine the improved resilience measure: 
1) Calculation of resilience based on the measure proposed by Moy et al. 
(1986) for all periods and all failure criteria 
Calculation of resilience based on the measure proposed by Moy et al. (1986) 
(ResM) is very simple, as it is defined as the inverse of the maximum length of failure 
events a system has experienced (see Equation 3-4). The shortcoming of the 
resilience measure proposed by Moy et al. (1986) is that it is just applicable to the 
condition that the system has experienced at least one failure event. In the case where 
the system does not have any failure event, length of failure event will be zero and 
the answer from Equation 3-4 will be infinity. In this case, although the system has 
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been completely resilient, ResM  cannot be calculated based on Equation 3-4. In this 
study, in order to manage this problem, it has been assumed that in the case that the 
system does not have any failure event, ResM  will be equal to 1. This assumption will 
provide consistency with the outcomes of Equation 3-9 that assigns ResF equal to 1 to 
a system with no failure event.   
For each study period, ResM  was calculated based on all failure criteria. The results 
are shown in Table 9-8. As evident from the calculated values, for the 30% failure 
criteria ResM will obviously decrease because of climate change impacts of rainfall in 
the later periods. As is evident from this table, for all failure criteria, climate change 
impact causes a decreased resilience later in the century compared to the earlier 
periods.  
It can also be seen from Table 9-8 that, for the 30% failure criteria, the 
maximum calculated value for ResM is 0.333, which is far smaller than the ideal 
value 1. It reflects the fact that under these failure criteria, the North Pine system 
does not have a high ability to cope with failure condition and its ability will 
decrease under the future climate condition. Based on the results of this analysis, it 
can be concluded that, under the historical climate condition, in the case of failure, it 
would take at least three time steps (months) for the system to recover its 
functionality (see Table 9-7). Under the 30% failure criterion, the required recovery 
period increases significantly under the future climate scenarios, reaching a 
maximum of 18 months for the 2066-2075 period, with ResM  decreasing to 0.056.  
According to Table 9-8, the system shows an improvement in resilience with 
the lowering of the failure criteria. Therefore, it can be concluded that the calculated 
resilience measure is not a unique value and is strongly dependent on the selected 
failure criteria.  
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Table 9-8: Moy‟s resilience measure of North Pine reservoir for different periods and different failure 
criteria 
Analysis period Moy‟s Resilience measure 
Failure Criteria : Water Volume <= 30% Full Reservoir Capacity 
1980-1989 0.333 
2026-2035 0.1 
2046-2055 0.077 
2066-2075 0.056 
Failure Criteria : Water Volume <= 20% Full Reservoir Capacity 
1980-1989 1 
2026-2035 0.2 
2046-2055 0.1 
2066-2075 0.071 
Failure Criteria : Water Volume <= 10% Full Reservoir Capacity 
1980-1989 1 
2026-2035 1 
2046-2055 0.143 
2066-2075 0.091 
Failure Criteria : Water Volume <= 5% Full Reservoir Capacity 
1980-1989 1 
2026-2035 1 
2046-2055 0.25 
2066-2075 0.111 
Failure Criteria : Water Volume <= 1% Full Reservoir Capacity 
1980-1989 1 
2026-2035 1 
2046-2055 0.333 
2066-2075 0.125 
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2) Calculation of resilience based on the measure proposed by Fiering 
(1982a) for all periods and all failure criteria 
According to the definition by Fiering (1982a), resilience can be defined as the 
steady state probability of not being in failure state (see Equation 3-9) which can be 
calculated based on the Markov property of the monthly time series of the system 
function. Steady state probability of being in a specific state can be defined as the 
proportion of occurrence of that specific state in the Markov chain after a large 
number of time steps (Ching, et al., 2013). Time series of random variables can be 
defined as a Markov chain if the state of the target system at one time depends only 
on the state in the previous time and no earlier time steps (Ching, et al., 2013).  
Considering the monthly time series of the North Pine system function, it is 
obvious that this is a simple two-state system. In this system, state of the system in 
each month is a function of the state of the system in the previous month, as well as 
the amount of inflow to the reservoir in that month, and does not depend on the 
system‟s state in the earlier months. Accordingly, monthly time series of the system 
function can be considered as Markov chains and their Markov properties can be 
used to calculate the system‟s steady state probability of not being in failure state. 
According to the Markov chain theory, for any Markov chain which is 
irreducible and aperiodic and has k states, there exists at least one steady state 
distribution (Ching, et al., 2013). The steady state distribution is a vector π= (π 0, π 
1,..., π k-1) that satisfies the condition below: 
1)                        and                                                                        (9-5) 
2)                  ,      i.e.                                                                       (9-6)                                               
where; P is the transition probabilities matrix.   
In the case of a system with just two, Failure (F) and Satisfactory (S) states, the 
transition probabilities matrix can be defined as given below: 
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Pss: probability of transition from satisfactory state (S) to satisfactory state (S) in two 
consecutive time steps; 
Psf: probability of transition from satisfactory state (S) to failure state (F) in two 
consecutive time steps; 
Pfs: probability of transition from failure state (F) to satisfactory state (S) in two 
consecutive time steps; 
Pff: probability of transition from failure state (F) to failure state (F) in two 
consecutive time steps; 
and; 
                                                                                                                                (9-7) 
                                                                                                                       (9-8)                              
An irreducible Markov chain has the possibility to get to any state from any 
state. A Markov chain is called periodic if it can only return to a state after a fixed 
number of transitions greater than 1. A Markov chain which is not periodic is called 
aperiodic. In the case of the monthly time series of North Pine water system function 
that is discussed here, it is possible to get from any state to any state (see Figure 9-2). 
Therefore, it is an irreducible Markov chain. In addition, as it is possible to reach 
from any state to any state in any time step, the Markov chain is aperiodic. 
Therefore, the steady state distribution vector (π) can be calculated for each of the 
time series of system function to estimate the system‟s resilience based on the 
definition proposed by Fiering (1982a) for each of the future periods. Calculation of 
the transition probabilities based on the developed system functionality time series 
has been done for each study criteria and for all the study periods and the results are 
shown in Table 9-9. 
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Figure 9-2: Possible transitions between states for the monthly time series of system function 
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Table 9-9: Transition probability matrices for the North Pine reservoir for different failure criteria and 
different periods 
Analysis period Transition Probabilities Matrix 
Failure Criteria : Water Volume <= 30% Full Reservoir Capacity 
1980-1989 





667.0333.0
0086.09914.0
 
2026-2035 





9.01.0
0092.09908.0
 
2046-2055 





9231.00769.0
0094.09906.0
 
2066-2075 





9444.00556.0
0099.09901.0
 
Failure Criteria : Water Volume <= 20% Full Reservoir Capacity 
1980-1989 





00
01
 
2026-2035 





8.02.0
0088.09912.0
 
2046-2055 





9.01.0
0092.09908.0
 
2066-2075 




9286.00714.0
0095.09905.0
 
Failure Criteria : Water Volume <= 10% Full Reservoir Capacity 
1980-1989 




00
01
 
2026-2035 




00
01
 
2046-2055 




8571.01429.0
0089.09911.0
 
2066-2075 




9090.00910.0
0093.09907.0
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Table 9-9: Transition probability matrices for North Pine reservoir for different failure criteria and 
different periods (contd.) 
Analysis period Transition Probabilities Matrix 
Failure Criteria : Water Volume <= 5% Full Reservoir Capacity 
1980-1989 




00
01
 
2026-2035 




00
01
 
2046-2055 




75.025.0
0087.09913.0
 
2066-2075 




89.011.0
0091.09909.0
 
Failure Criteria : Water Volume <= 1% Full Reservoir Capacity 
1980-1989 




00
01
 
2026-2035 




00
01
 
2046-2055 




67.033.0
0086.09914.0
 
2066-2075 




875.0125.0
009.0991.0
 
 
Using the transition probability matrices, the steady state probability of being 
in satisfactory state can be calculated for all failure criteria and all periods. Sample 
calculations are shown for the 30% criteria over the period 1980 to 1989:    
The Transition probability matrix for this period as shown in Table 9-9 is:   
           







667.0333.0
0086.09914.0
P
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Defining the steady state distribution vector (π) as given below: 
          
 FS
 
Substituting p and π in Equations 9-5 and 9-6, three main equations were 
developed as given below: 
1) 0.9914 S + 0.333 F = S 
2) 0.0086 S + 0.667 F = F 
3) S + F =1 
Since there are just two unknowns (S and F), one of the above equations can be 
excluded and the other two equations can be used to determine the unknowns. Here, 
Equation (2) has been excluded and Equations (1) and (3) can be combined and 
summarized as: 
0.9914 S + 0.333 (1-S) =S 
Solving this equation, S will be calculated equal to 0.975. Accordingly, 
resilience measure by Fiering (1982a) or the steady state probability of being in 
steady state for the period 1980-1989 for the 30% failure criteria is 0.975.  
Similar calculations were undertaken for calculating resilience based on the 
measure proposed by Fiering (1982a) for all time periods and based on all failure 
criteria. The calculated resilience measures are shown in Table 9-10. As is evident 
from this table, ResF decreases in the future under all failure criteria due to the 
impacts of climate change. For instance, for the 30% failure criteria North Pine 
system‟s resilience will decrease from 0.975 over the historical study period (1980-
1989) to 0.849 over the 2066-2075 period. Similar declining trends of resilience were 
observed for other failure criteria.  
All calculated values for ResF  are ranged between 0.975 and 0.849 (very close 
to the ideal value 1), which reflect the fact that North Pine water supply system has 
high abilities in withstanding pressures without failing in delivering service. For 
instance for the 20% failure criteria, the system‟s resilience based on the measure by 
Fiering (1982a) has been very high over the historical study period (equal to 1) and it 
has remained at a satisfactory level (very close to 1) under the future climate 
condition (equal to 0.883 over the period 2066 to 2075).  
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Table 9-10: Resilience of North Pine reservoir based on the measure by Fiering (1982a) for different 
failure criteria and different periods 
Analysis period Resilience measure by Fiering (1982) 
Failure Criteria : Water Volume <= 30% Full Reservoir Capacity 
1980-1989 0.975 
2026-2035 
0.916 
2046-2055 
0.891 
2066-2075 
0.849 
Failure Criteria : Water Volume <= 20% Full Reservoir Capacity 
1980-1989 1 
2026-2035 
0.958 
2046-2055 
0.916 
2066-2075 
0.883 
Failure Criteria : Water Volume <= 10% Full Reservoir Capacity 
1980-1989 
1 
2026-2035 
1 
2046-2055 
0.941 
2066-2075 
0.907 
Failure Criteria : Water Volume <= 5% Full Reservoir Capacity 
1980-1989 
1 
2026-2035 
1 
2046-2055 
0.966 
2066-2075 
0.923 
Failure Criteria : Water Volume <= 1% Full Reservoir Capacity 
1980-1989 
1 
2026-2035 
1 
2046-2055 
0.975 
2066-2075 
0.933 
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3) Calculation of improved measure of resilience for all periods and all 
failure criteria: 
The improved resilience measure (ResImproved) was calculated for North Pine 
water supply system based on Equation 3-9, using the calculated resilience measures 
in the previous sections (ResM and ResF). ResImproved was calculated for all failure criteria 
(namely water volume equal to 30%, 20%, 10% , 5% and 1% full reservoir capacity) 
and all study periods (1980-1989, 2026-2035, 2046-2055 and 2066-2075). The 
results are shown in Table 9-11.  
Since the ideal values for ResM and ResF are 1, the ideal value for ResImproved will 
also be equal to 1. According to Table 9-11, under the 30% failure criteria, North 
Pine water supply system‟s resilience was equal to 0.57 over the 1980-1989 period 
which is far smaller than the ideal resilience measure (namely 1). Under this failure 
criteria, the system‟s resilience will decrease significantly in the future climate 
condition to 0.218 over the period 2066-2075, which reflects the system‟s low ability 
in coping with future climate condition. Calculated ResImproved shows the same 
decreasing trend under other failure criteria in the future climate condition. For 
instance, for the 20% failure criteria, the system‟s resilience is projected to decline 
from 1 over the historical study period to 0.25 over the period 2066-2075 (a decrease 
of 75%) which represents a significant impact of climate change on the North Pine 
water supply system‟s functionality. 
Figure 9-3 shows calculated ResM, ResF and ResImproved for all failure criteria and 
all study periods. As is evident from this figure, the improved resilience measure is 
close to ResM and follows its trend of change. The reason is that in this study, ResF has 
shown a low sensitivity to climate change as well as change of failure criteria and has 
shown values near to 1 over all study periods and for all failure criteria. However, it 
is not a general rule and for other systems based on the characteristics of failure 
events and length of study periods, the improved resilience measure may 
demonstrate different trends compared to ResF   and  ResM. 
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Table 9-11: Improved resilience measure of North Pine reservoir for all failure criteria and all study 
periods 
Analysis period Improved Resilience measure 
Failure Criteria : Water Volume <= 30% Full Reservoir Capacity 
1980-1989 0.570 
2026-2035 
0.303 
2046-2055 
0.262 
2066-2075 
0.218 
Failure Criteria : Water Volume <= 20% Full Reservoir Capacity 
1980-1989 1 
2026-2035 
0.438 
2046-2055 
0.303 
2066-2075 
0.250 
Failure Criteria : Water Volume <= 10% Full Reservoir Capacity 
1980-1989 
1 
2026-2035 
1 
2046-2055 
0..367 
2066-2075 
0..287 
Failure Criteria : Water Volume <= 5% Full Reservoir Capacity 
1980-1989 
1 
2026-2035 
1 
2046-2055 
0.491 
2066-2075 
0.320 
Failure Criteria : Water Volume <= 1% Full Reservoir Capacity 
1980-1989 
1 
2026-2035 
1 
2046-2055 
0.570 
2066-2075 
0.342 
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Figure 9-3: North Pine reservoir‟s calculated resilience measure based on ResM, ResF and ResImproved  
for (a) 30%, (b) 20%, (c) 10%, (d) 5% and (e) 1% failure criteria 
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Figure 9-3: North Pine reservoir‟s calculated resilience measure based on ResM, ResF and ResImproved 
for (a) 30%, (b) 20%, (c) 10%, (d) 5% and (e) 1% failure criteria (contd.) 
The percentage decrease in resilience in the future study periods compared to 
the historical study period (1980-1989) has been calculated for all resilience 
measures over all future periods (see Table 9-12 and Figure 9-4). As evident from the 
results, for all criteria, ResM shows the highest and ResF shows the lowest sensitivity 
to the impacts of climate change. For instance for the 30% failure criteria, ResF will 
have a decrease of 12.9% over the period 2066-2075 compared to the period 1980 to 
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respectively. It can be justified by the fact that ResF only reflects the probability that 
the system fails under the future climate condition, which is a function of the 
percentage of time that system has been working satisfactorily. As evident from 
Table 9-7, the total number of time steps that the system has been in satisfactory state 
has decreased from 117 over the period 1980-1989 to 102 time steps over the period 
2066-2075 (from a total of 120 time steps), which is not a significant change.  In 
contrast, ResM is in direct relation with the length of failure events, which has 
changed significantly from 3 to 18 time steps for the 30% failure criteria over the 
discussed period. As discussed before, ResImproved follows the trend of ResM. Therefore, 
for all criteria it shows the percentage decrease in the calculated resilience is similar 
to the changes in ResM.  
For the 10%, 5% and 1% failure criteria, the system‟s resilience remains 
unchanged over the 2026-2035 period compared to the historical study period. Based 
on the projections of ResM and ResImproved for these failure criteria, the system‟s 
resilience will decline dramatically over the period 2066-2075 while ResF shows a 
decrease of less than 10% over this period.  
Results of this study reveal the extent of impacts of climate change on the 
functionality of North Pine water supply system and underline the necessity of 
providing adaptive management approaches to ease these adverse impacts. Providing 
alternative sources of water to cope with prolonged future failure periods, as well as 
appropriate management approaches to decrease the risk and length of failure events 
in the future climate condition, can be among these adaptive approaches. 
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Table 9-12: Percentage decrease in the resilience measure due to climate change, compared to the 
historical period (1980-1989) 
Period ResM ResF ResImproved 
30%  Failure Criteria 
2026-2035 69.7 6.1 46.9 
2046-2055 76.7 8.6 54.0 
2066-2075 83.0 12.9 61.7 
20% Failure Criteria 
2026-2035 80.0 4.2 56.2 
2046-2055 90.0 8.4 69.7 
2066-2075 92.9 11.7 75.0 
10% Failure Criteria 
2026-2035 0.0 0.0 0.0 
2046-2055 85.7 5.9 63.3 
2066-2075 90.9 9.3 71.3 
5 %  Failure Criteria 
2026-2035 0.0 0.0 0.0 
2046-2055 75.0 3.4 50.9 
2066-2075 88.9 7.7 68.0 
1 %  Failure Criteria 
2026-2035 0.0 0.0 0.0 
2046-2055 66.7 2.5 43.0 
2066-2075 87.5 6.7 65.8 
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Figure 9-4: Percentage decrease in resilience for different resilience measures and over different 
periods (a) 30% failure criteria, (b) 20% failure criteria, (c) 10% failure criteria 
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Figure 9-4: Percentage decrease in resilience for different resilience measures and over different 
periods (d) 5% failure criteria, (e) 1% failure criteria (contd.) 
9.4 PRACTICAL APPLICATION OF THE IMPROVED RESILIENCE 
MEASURE FOR ASSESSING RESILIENCE OF A GENERIC WATER 
SUPPLY SYSTEM 
The application of the methodology developed in this study for the North Pine 
water supply system demonstrated that it can be used to assess resilience for this and 
other similar single reservoir systems. Application of the method for more complex 
multi reservoir systems will likely require specific refinement and consideration of 
impacts and interdependencies between reservoirs.  
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This methodology can only be applied to water supply systems with good 
availability of current and predicted future meteorological data (rainfall and 
evaporation) that provide the possibility of hydrologic modelling for predicting 
future time series of inflow to the reservoir. Also, the study system has to have good 
availability of streamflow data for the purpose of calibration and validation.  
The improved measure of resilience suggested in this study is a comprehensive 
measure of resilience, which provides an insight into the strengths and weaknesses of 
water supply systems in managing pressures and disaster condition and recovering 
from probable failures. However, the mathematical equation suggested for the 
improved measure of resilience in this study is not unique and is just one of the many 
possible ways of defining a comprehensive measure of resilience. Other possibilities 
for defining a comprehensive measure of resilience can be investigated in future 
research and the results can be compared with the results of the present study to 
determine the optimum mathematical definition for representing a water supply 
system‟s resilience. 
9.5 CONCLUSION 
A comprehensive measure of resilience can be suggested through applying 
modifications and improvements to previous measures of resilience. In this study, an 
improved measure of resilience was defined as a function of  measures suggested by 
Moy et al. (1986) (ResM) and Fiering (1982a) (ResF) (see Equations 9-2 and 9-3). It 
was demonstrated that the new resilience measure does not have the shortcomings of 
previous measures (see Section 9-2). 
Using the monthly time series of inflow to the reservoir (calculated in Chapter 
7), time series of North Pine reservoir function were developed based on different 
failure criteria (including water volume under 30%, 20%, 10%, 5% and 1%) for a 
historical study period (1980-1989) as well as three future periods (2026-2035, 2046-
2055 and 2066-2075). It was shown that climate change will have a significant 
impact on the case study system‟s function through increasing the length of failure 
events. ResM and ResF resilience measures as well as ResImproved were calculated for 
North Pine reservoir based on the developed time series of system function. The 
outcomes can be summarized as: 
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1) The improved measure of resilience suggested in this study provides a 
comprehensive insight into the strengths, and weaknesses of the water 
supply system in managing pressures in pre-disaster condition and 
recovering from failures in post-disaster condition. 
2) North Pine water supply system had low resilience in terms of recovering 
its function after failure over the historical study period. This ability will 
decrease in the future climate condition and the North Pine system will 
experience longer failure events over the future study periods.  
3) The calculated values for ResF for different failure criteria and over 
different periods ranged between 0.8 and 1; that demonstrates North Pine 
water supply system‟s high ability in handling pressures while still keeping 
its functionality, in both historical and future climate condition. This 
ability is projected to decrease under the future climate condition however; 
it will remain in a satisfactory range.  
4) Based on the calculated values for ResImproved, North Pine system‟s 
resilience will decrease significantly for all failure criteria, under the 
impacts of climate change.  
5) The calculated values for all investigated resilience measures are highly 
dependent on the defined failure criteria. Lowering the failure criteria will 
result in significantly higher calculated resilience measures.  
6) The methodology adapted in this study can be applied to any similar water 
supply system with only one reservoir and good availability of 
meteorological and streamflow data for the purpose of hydrologic 
modelling. 
The mathematical equation suggested for the improved measure of resilience 
suggested in this study is only one of the many possible ways of defining a 
comprehensive measure of resilience. Other possible mathematical equations for 
assessing resilience can be investigated in future research. 
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Chapter 10: Conclusions and 
recommendations for future 
research 
10.1 CONCLUSIONS 
10.1.1 Study approach 
This study developed an in-depth understanding of the impacts of climate 
change on the functionality of water supply systems and the application of the 
resilience concept as an assessment tool for estimating the extent and severity of 
these impacts. External factors as well as internal interdependencies that affect the 
quality and quantity of water provided by a water supply system were investigated, 
and the key factors that represent impacts of climate change on functionality of water 
supply systems and that may alter the future quality and quantity of delivered water, 
were selected. Future pattern and amount of runoff was selected as the main factor 
that represents the impacts of climate change on the future quantity of water provided 
by a water supply system. Rainfall‟s power for detaching sediments and other 
pollutants and transporting them to water resources (rainfall‟s erosive power) was 
selected as the key factor that affects future quality of water provided by water 
supply systems. The selected key factors were investigated for a case study area 
under the future climate scenarios to estimate the quality and quantity of water 
provided by the system under the future climate conditions, compared to a historical 
study period.  
North Pine catchment was selected as the case study area based on defined 
selection criteria. Desktop studies were undertaken for collecting the data required 
for this study. Hydrologic modelling was selected as an appropriate method for 
projecting future availability of water in the case study catchment. This approach was 
used for estimating the monthly inflow to the case study reservoir, over the historical 
study period of 1980-1989 as well as the future study periods of 2026-2035, 2046-
2055 and 2066-2075, under two future climate data sets, Set 1 and Set 2. Data Set 1 
included daily rainfall and evaporation data extracted from projections of seasonal 
changes of rainfall and evaporation for southeast Queensland, based on high and low 
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emissions. Data Set 2 included daily rainfall data obtained from projections of 
NCAR-CCSM3-0 climate model. 
Rainfall erosion index (REI) was selected as the main representative of 
rainfall‟s erosive power. REI was calculated for the case study catchment for the 
period 2002 to 2008 and then statistical analysis methods were employed to identify 
the possible relationship between REI and storage reservoir water quality.  
Available methods for estimating resilience of water supply systems were 
investigated and advantages as well as disadvantages of each method were discussed. 
An improved measure of resilience was suggested in a way that includes the 
advantages of the previous methods while does not include their shortcomings. The 
improved resilience measure was then applied to monthly estimations of the case 
study reservoir‟s inflow for the both future and historical study periods, to estimate 
system‟s resilience over these periods from a water quantity perspective. In addition, 
selected resilience measures available in research literature were also employed for 
estimating the case study system‟s resilience over all study periods, and the results 
were compared with the estimation of the improved resilience measure. The 
outcomes of each stage of the analysis are discussed in the next sections in details. 
10.1.2 Future and historical runoff 
Projections of future inflow to the case study reservoir under two different 
future climate data sets demonstrated very contrasting results, which reflect the 
uncertainty in projection of future trends of change of climate variables.  
The case study system demonstrated decreased inflow under data Set 1, in 
terms of both monthly peaks and total inflow volume over all future study periods 
compared to the historical study period. The case study system also demonstrated 
decreased seasonal inflow for all seasons and over all future study periods under data 
Set 1. Based on projections for Set 1, this trend of decline will become more 
significant later in the century. In contrast, based on the projections for data Set 2, 
the case study system demonstrated a general increase in the total reservoir‟s inflow 
volume. It also projected increased seasonal inflow to the reservoir for all seasons 
and all study periods except from autumn season over the 2046-2055 period. 
Results of this analysis highlighted the fact that water resources may show 
different patterns of change, ranging from significantly improved to deteriorated 
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functionality under different climate scenarios. Therefore, in assessing future 
functionality of water supply systems under the impacts of climate change, all 
possible climate scenarios should be considered and the most critical one should be 
selected. 
Successful application of hydrologic modelling in projecting future runoff in 
the case study catchment, confirmed the use of this method as an appropriate tool for 
estimating impacts of climate change on the future availability of water in a generic 
catchment.  
10.1.3 Water quality 
Results of this study did not confirm the initial hypothesis that power of 
rainfall for erosion and transporting sediments and pollutants (rainfall‟s erosive 
power) is in direct relation with the quality status of reservoir water. The reasons 
were explained as: 
 The monthly volume of inflow that the case study reservoir receives is 
relatively small compared to the volume of water stored in the reservoir 
and does not have the power to change reservoir‟s water quality instantly. 
In this case, the impact of in-lake processes such as sedimentation, 
stratification and eutrophication is more significant on the quality of water 
in the reservoir; 
 Averaging rainfall erosion index over the case study catchment may cause 
inaccuracy in estimations, as different parts of the catchment can have high 
variations in monthly REI values; 
 Considering just the erosive power of rainfall as the key factor that affects 
soil erosion and water quality, and disregarding the impacts of other 
factors such as soil characteristics, vegetation cover, topographic 
characteristics of the catchment and management approaches might be 
another source of error in estimations. 
From the outcomes of this study, it was concluded that the proposed 
methodology was not an appropriate approach for predicting future quality of water 
in a reservoir under the impacts of climate change. Due to lack of an appropriate 
method for projecting future quality of water in the case study reservoir, water 
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quality was excluded from the resilience study and the case study system‟s resilience 
was only assessed from a water quantity point of view. Results of this analysis 
underlined the need for a strong tool to estimate future water quality parameters in a 
generic system based on the future projections of climate variables. 
10.1.4 Resilience 
A comprehensive measure of resilience was suggested through applying 
refinements on previous resilience measures available in the research literature for 
assessing resilience of water supply systems. It was demonstrated that the proposed 
resilience measure (ResImproved) does not have the shortcoming of previous measures 
and is able to reflect a system‟s behaviour in both pre-disaster and post-disaster 
condition. The improved resilience measure can estimate a system‟s ability to absorb 
pressures while sustaining an acceptable level of function. It is also able to provide 
an estimate of the system‟s ability to recover its functionality after failure. It was 
demonstrated that the application of the previous measures of resilience in assessing 
resilience of a generic water supply system may lead to underestimating or 
overestimating a system‟s resilience under pressures and in disaster condition, while 
the improved resilience measure provides a more realistic estimate of a system‟s 
resilience in both pre-disaster and post-disaster condition. 
The results of assessing resilience of the case study water supply system based 
on the proposed resilience measure showed that climate change will have a 
significant impact on the system‟s functionality in the future. It was demonstrated 
that the case study system will experience longer failure events in the future and the 
adverse impacts of climate change on its functionality will become more significant 
later in the century. Assessing ResImproved demonstrated that the case study system‟s 
overall resilience in terms of handling both, pressures and recovering after failure 
will decline significantly under the projections of future climate.  
Successful application of the improved resilience measure for estimating 
general functionality of the case study system under future climate scenarios, 
confirmed the fact that this resilience measure can be applied to similar systems to 
project their functionality under future climate conditions and estimate the extent of 
undesirable impacts of climate change on their function. 
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10.1.5 Practical applications of knowledge generated 
Results of this study highlighted the significance of impacts of climate change 
on functionality of water supply systems. It also underlined the need for a robust 
measure for projecting functionality of water supply systems under the future climate 
conditions.  
The methodology suggested in this study for estimating future inflow to the 
case study system can be applied to a generic water supply system with good 
availability of streamflow and meteorological data for developing, calibrating and 
validating a reliable hydrologic model. Although estimations of runoff and flow 
based on future climate projections come with uncertainty, they provide an insight to 
the probable failure events the system may experience in the future and will provide 
the possibility to be prepared for the disaster condition through long-term 
management approaches, constructing new water infrastructures and providing 
alternative sources of water. 
The approach adapted in this study for assessing resilience of the case study 
system can be applied to a generic water supply system with a single reservoir. In 
addition, the improved resilience measure suggested in this study is a comprehensive 
measure that provides an overview of the strengths and weaknesses of a water supply 
system in coping with pressures in the pre-disaster condition as well as its ability to 
recover its functionality in post-disaster condition. The suggested resilience measure 
can be applied as an assessment tool for estimating functionality of water supply 
systems under the future climate condition.  
10.2 RECOMMENDATIONS FOR FUTURE RESEARCH 
This research study developed new knowledge in relation to application of the 
resilience concept in studying water supply systems‟ functionality under the impacts 
of climate change. Future resilience of a case study water supply system was 
assessed successfully in terms of its ability in coping with the pressures of future 
climate condition. As a part of this research study, a number of areas were identified 
for further investigations including: 
 Developing a strong methodology for estimating future quality of water provided 
by a reservoir under the future climate condition, based on the findings of 
Chapter 8 of this study; 
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 Assessing future resilience of a water reservoir from a water quality perspective; 
 Developing an appropriate method to apply the suggested resilience measure on 
more complex water supply systems including a combination of two or more 
water reservoirs;  
 Investigating the possibility of defining a comprehensive measure of resilience 
through new mathematical equations and models and comparing the weaknesses 
and strengths of new resilience measures with ResImproved suggested in this study. 
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Table A-1: Created time series of monthly inflow to the reservoir for the period 1980-1989 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/1983 4490.38 
 2/1983 736.04 
 3/1983 3793.48 
 4/1983 9334.14 
 5/1983 50688.29 
 6/1983 63550.92 
 7/1983 28265.85 
 8/1983 5082.91 
 9/1983 1291.68 
10/1983 7351.78 
11/1983 17330.54 
12/1983 23798.62 
 1/1984 9985.77 
 2/1984 3066.85 
 3/1984 2040.51 
 4/1984 15046.99 
 5/1984 788.14 
 6/1984 3112.99 
 7/1984 11809.84 
 8/1984 6587.65 
 9/1984 731.89 
10/1984 3499.80 
11/1984 9212.23 
12/1984 3682.37 
 1/1985 7290.52 
 2/1985 3242.76 
 3/1985 16585.17 
 4/1985 12193.63 
 5/1985 3914.09 
 6/1985 7535.03 
 7/1985 15775.08 
 8/1985 858.90 
 9/1985 3250.37 
10/1985 3968.44 
11/1985 5744.22 
12/1985 2747.00 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/1980 587.61 
 2/1980 2925.76 
 3/1980 569.46 
 4/1980 199.15 
 5/1980 37716.80 
 6/1980 7129.73 
 7/1980 807.06 
 8/1980 1551.14 
 9/1980 27.22 
10/1980 4282.85 
11/1980 1991.78 
12/1980 17091.99 
 1/1981 18870.88 
 2/1981 64006.07 
 3/1981 13071.80 
 4/1981 25704.69 
 5/1981 6424.88 
 6/1981 6631.03 
 7/1981 1364.52 
 8/1981 648.78 
 9/1981 109.21 
10/1981 1.47 
11/1981 22629.97 
12/1981 12287.55 
 1/1982 68851.73 
 2/1982 24403.08 
 3/1982 47180.36 
 4/1982 7655.56 
 5/1982 3804.97 
 6/1982 5288.54 
 7/1982 141.00 
 8/1982 31.80 
 9/1982 5719.85 
10/1982 5942.94 
11/1982 272.68 
12/1982 4278.96 
 Appendix A                                                                                                                                                           206 
Table A-1: Created time series of monthly inflow to the reservoir for the period 1980-1989 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/1986 616.29 
 2/1986 451.09 
 3/1986 58.75 
 4/1986 41.56 
 5/1986 167.53 
 6/1986 0.00 
 7/1986 24.45 
 8/1986 12.18 
 9/1986 0.00 
10/1986 679.45 
11/1986 1258.07 
12/1986 6932.13 
 1/1987 6916.58 
 2/1987 2092.09 
 3/1987 3902.77 
 4/1987 434.16 
 5/1987 2417.82 
 6/1987 275.01 
 7/1987 667.27 
 8/1987 2941.49 
 9/1987 457.40 
10/1987 10612.60 
11/1987 1926.89 
12/1987 3346.01 
 1/1988 202.87 
 2/1988 5944.41 
 3/1988 4630.26 
 4/1988 164751.49 
 5/1988 8675.42 
 6/1988 50914.22 
 7/1988 26218.77 
 8/1988 3531.17 
 9/1988 1787.10 
10/1988 250.73 
11/1988 6.05 
12/1988 24926.92 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/1989 7885.12 
 2/1989 6041.69 
 3/1983 10367.65 
 4/1989 153869.33 
 5/1989 92250.23 
 6/1989 11388.04 
 7/1989 4798.57 
 8/1989 5617.90 
 9/1989 873.24 
10/1989 452.48 
11/1989 2592.35 
12/1989 343.18 
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Table A-2: Created time series of monthly inflow to the reservoir for the period 2026-2035 for data 
Set 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2029 4117.56 
 2/2029 664.76 
 3/2029 3070.40 
 4/2029 8110.28 
 5/2029 46784.04 
 6/2029 58738.52 
 7/2029 25968.12 
 8/2029 4126.29 
 9/2029 1014.94 
10/2029 5999.36 
11/2029 14865.38 
12/2029 20801.84 
 1/2030 9236.25 
 2/2030 2704.67 
 3/2030 1813.10 
 4/2030 13332.12 
 5/2030 776.04 
 6/2030 2485.47 
 7/2030 9238.84 
 8/2030 6266.94 
 9/2030 544.15 
10/2030 2533.59 
11/2030 7264.25 
12/2030 3048.28 
 1/2031 6465.23 
 2/2031 2869.52 
 3/2031 14765.93 
 4/2031 10637.31 
 5/2031 3379.28 
 6/2031 6505.32 
 7/2031 13522.03 
 8/2031 783.56 
 9/2031 2512.08 
10/2031 2719.79 
11/2031 4527.10 
12/2031 2162.85 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2026 565.23 
 2/2026 2655.85 
 3/2026 616.38 
 4/2026 157.08 
 5/2026 33526.92 
 6/2026 7407.50 
 7/2026 236.82 
 8/2026 1685.84 
 9/2026 23.67 
10/2026 3348.86 
11/2026 1775.78 
12/2026 15566.60 
 1/2027 18676.14 
 2/2027 61193.40 
 3/2027 14256.60 
 4/2027 23533.03 
 5/2027 5580.84 
 6/2027 5930.67 
 7/2027 1066.35 
 8/2027 472.95 
 9/2027 52.10 
10/2027 0.09 
11/2027 18983.89 
12/2027 10988.44 
 1/2028 65110.18 
 2/2028 25984.02 
 3/2028 44454.96 
 4/2028 6780.07 
 5/2028 3408.48 
 6/2028 4662.23 
 7/2028 123.03 
 8/2028 21.69 
 9/2028 4561.66 
10/2028 4682.45 
11/2028 210.73 
12/2028 3712.78 
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Table A-2: Created time series of monthly inflow to the reservoir for the period 2026-2035 for data 
Set 1 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2035 8044.62 
 2/2035 5735.49 
 3/2035 8292.33 
 4/2035 141925.39 
 5/2035 90603.96 
 6/2035 12049.86 
 7/2035 3791.92 
 8/2035 4710.36 
 9/2035 838.94 
10/2035 352.25 
11/2035 1785.97 
12/2035 247.28 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2032 456.19 
 2/2032 380.59 
 3/2032 26.01 
 4/2032 28.43 
 5/2032 118.80 
 6/2032 0.00 
 7/2032 9.85 
 8/2032 6.13 
 9/2032 0.00 
10/2032 498.10 
11/2032 944.09 
12/2032 5667.15 
 1/2033 6102.35 
 2/2033 1788.91 
 3/2033 3190.75 
 4/2033 328.67 
 5/2033 1790.47 
 6/2033 183.86 
 7/2033 483.67 
 8/2033 1922.49 
 9/2033 261.62 
10/2033 8465.73 
11/2033 1475.45 
12/2033 2744.76 
 1/2034 138.41 
 2/2034 5270.92 
 3/2034 3973.02 
 4/2034 154756.05 
 5/2034 9265.36 
 6/2034 46737.30 
 7/2034 24018.94 
 8/2034 3036.70 
 9/2034 1390.18 
10/2034 182.04 
11/2034 0.60 
12/2034 23403.25 
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Table A-3: Created time series of monthly inflow to the reservoir for the period 2046-2055 for data 
Set 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2046 522.72 
 2/2046 2360.19 
 3/2046 512.35 
 4/2046 124.85 
 5/2046 31230.75 
 6/2046 6925.48 
 7/2046 215.14 
 8/2046 1342.31 
 9/2046 17.63 
10/2046 2857.94 
11/2046 1436.83 
12/2046 14303.95 
 1/2047 17716.41 
 2/2047 58943.12 
 3/2047 13673.32 
 4/2047 22007.72 
 5/2047 5077.81 
 6/2047 5218.13 
 7/2047 849.31 
 8/2047 340.50 
 9/2047 14.69 
10/2047 0.00 
11/2047 16340.05 
12/2047 9702.46 
 1/2048 62408.19 
 2/2048 24882.85 
 3/2048 42120.17 
 4/2048 6170.34 
 5/2048 3130.96 
 6/2048 4222.63 
 7/2048 110.25 
 8/2048 15.47 
 9/2048 3754.08 
10/2048 3768.34 
11/2048 164.51 
12/2048 3086.73 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2049 3618.78 
 2/2049 572.40 
 3/2049 2466.98 
 4/2049 7154.35 
 5/2049 43993.58 
 6/2049 54533.09 
 7/2049 23838.36 
 8/2049 3274.56 
 9/2049 772.50 
10/2049 4937.85 
11/2049 12906.09 
12/2049 18270.58 
 1/2050 8407.67 
 2/2050 2433.02 
 3/2050 1514.76 
 4/2050 12102.39 
 5/2050 695.43 
 6/2050 2033.42 
 7/2050 7753.19 
 8/2050 5266.34 
 9/2050 399.60 
10/2050 1939.59 
11/2050 5763.74 
12/2050 2438.21 
 1/2051 5526.92 
 2/2051 2500.85 
3/2051 13266.63 
 4/2051 9566.47 
 5/2051 3019.85 
 6/2051 5596.21 
 7/2051 11667.63 
 8/2051 665.37 
 9/2051 1970.70 
10/2051 2014.93 
11/2051 3418.93 
12/2051 1608.25 
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Table A-3: Created time series of monthly inflow to the reservoir for the period 2046-2055 for data 
Set 1 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2055 7419.60 
 2/2055 5231.95 
 3/2055 7299.16 
 4/2055 135951.52 
 5/2055 87306.77 
 6/2055 11481.35 
 7/2055 2811.72 
 8/2055 4012.59 
 9/2055 711.24 
10/2055 288.49 
11/2055 1255.39 
12/2055 153.19 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2052 316.05 
 2/2052 313.55 
 3/2052 5.88 
 4/2052 20.04 
 5/2052 87.96 
 6/2052 0.00 
 7/2052 2.42 
 8/2052 2.33 
 9/2052 0.00 
10/2052 373.42 
11/2052 747.71 
12/2052 4626.03 
 1/2053 5191.60 
 2/2053 1423.79 
 3/2053 2576.62 
 4/2053 248.31 
 5/2053 1371.00 
 6/2053 122.60 
 7/2053 369.62 
 8/2053 1267.66 
 9/2053 145.84 
10/2053 6851.69 
11/2053 1137.89 
12/2053 2184.88 
 1/2054 88.30 
 2/2054 4559.24 
 3/2034 3416.43 
 4/2054 148327.20 
 5/2054 8885.20 
 6/2054 43073.77 
 7/2054 21880.02 
 8/2054 2612.39 
 9/2054 1076.11 
10/2054 134.78 
11/2054 0.00 
12/2054 22156.59 
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Table A-4: Created time series of monthly inflow to the reservoir for the period 2066-2075 for data 
Set 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2069 3198.61 
 2/2069 500.52 
 3/2069 1888.36 
 4/2069 6004.71 
 5/2069 40197.86 
 6/2069 49869.30 
 7/2069 21582.89 
 8/2069 2419.72 
 9/2069 538.70 
10/2069 3643.66 
11/2069 10389.25 
12/2069 15086.48 
 1/2070 7516.45 
 2/2070 2166.74 
 3/2070 1188.00 
 4/2070 10565.94 
 5/2070 595.21 
 6/2070 1559.26 
 7/2070 6186.67 
 8/2070 4208.63 
 9/2070 244.94 
10/2070 1300.06 
11/2070 4036.95 
12/2070 1808.70 
 1/2071 4633.46 
 2/2071 2179.70 
 3/2071 11530.77 
 4/2071 8191.50 
 5/2071 2552.43 
 6/2071 4575.14 
 7/2071 9726.57 
 8/2071 542.16 
 9/2071 1332.72 
10/2071 1313.02 
11/2071 2165.44 
12/2071 1073.09 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2066 497.32 
 2/2066 2169.16 
 3/2066 438.48 
 4/2066 92.79 
 5/2066 28235.95 
 6/2066 6265.64 
 7/2066 188.18 
 8/2066 976.15 
 9/2066 11.66 
10/2066 2249.08 
11/2066 1032.91 
12/2066 13196.13 
 1/2067 17018.81 
 2/2067 57579.81 
 3/2067 13209.78 
 4/2067 20046.87 
 5/2067 4411.15 
 6/2067 4415.64 
 7/2067 627.35 
 8/2067 227.06 
 9/2067 1.04 
10/2067 0.00 
11/2067 12993.96 
12/2067 8301.66 
 1/2068 60341.85 
 2/2068 24048.92 
 3/2068 39318.83 
 4/2068 5373.73 
 5/2068 2766.01 
 6/2068 3651.35 
 7/2068 94.00 
 8/2068 9.33 
 9/2068 2778.02 
10/2068 2680.99 
11/2068 111.28 
12/2068 2558.48 
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Table A-4: Created time series of monthly inflow to the reservoir for the period 2066-2075 for data 
Set 1 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2075 6982.416 
 2/2075 4833.7344 
 3/2075 6170.8608 
 4/2075 127625.0688 
 5/2075 82596.3264 
 6/2075 10743.6672 
 7/2075 1955.3184 
 8/2075 3257.3664 
 9/2075 574.4736 
10/2075 217.3824 
11/2075 714.7008 
12/2075 81.0432 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2072 214.62 
 2/2072 263.69 
 3/2072 0.60 
 4/2072 12.44 
 5/2072 62.29 
 6/2072 0.00 
 7/2072 0.00 
 8/2072 0.09 
 9/2072 0.00 
10/2072 243.65 
11/2072 530.67 
12/2072 3512.51 
 1/2073 4300.30 
 2/2073 1105.66 
 3/2073 1933.89 
 4/2073 162.00 
 5/2073 941.07 
 6/2073 65.15 
 7/2073 265.16 
 8/2073 711.59 
 9/2073 50.72 
10/2073 4927.74 
11/2073 745.80 
12/2073 1639.35 
 1/2074 55.73 
 2/2074 4007.58 
 3/2074 2836.60 
 4/2074 139361.21 
 5/2074 8344.68 
 6/2074 39233.72 
 7/2074 19602.60 
 8/2074 2162.07 
 9/2074 778.98 
10/2074 90.98 
11/2074 0.00 
12/2074 21369.83 
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Table A-5: Created time series of monthly inflow to the reservoir for the period 2026-2035 for data 
Set 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2026 0.00 
 2/2026 18.92 
 3/2026 38.79 
 4/2026 5659.80 
 5/2026 17466.54 
 6/2026 5954.52 
 7/2026 2358.89 
 8/2026 432.00 
 9/2026 1568.59 
10/2026 59.01 
11/2026 4399.40 
12/2026 12729.74 
 1/2027 12185.34 
 2/2027 22170.59 
 3/2027 42095.98 
 4/2027 50593.59 
 5/2027 23103.45 
 6/2027 8474.63 
 7/2027 16824.33 
 8/2027 15356.22 
 9/2027 7700.75 
10/2027 5370.19 
11/2027 12572.67 
12/2027 5319.13 
 1/2028 6124.12 
 2/2028 2616.02 
 3/2028 6676.91 
 4/2028 7001.42 
 5/2028 21239.19 
 6/2028 39520.92 
 7/2028 43694.04 
 8/2028 25942.90 
 9/2028 61444.14 
10/2028 33282.40 
11/2028 18121.28 
12/2028 8564.05 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2029 35096.11 
 2/2029 3265.49 
 3/2029 11762.84 
 4/2029 6423.93 
 5/2029 38979.10 
 6/2029 16410.73 
 7/2029 6757.95 
 8/2029 18242.06 
 9/2029 21968.84 
10/2029 24937.03 
11/2029 2103.67 
12/2029 10260.17 
 1/2030 4613.85 
 2/2030 6070.03 
 3/2030 27271.64 
 4/2030 55301.44 
 5/2030 15869.69 
 6/2030 23396.43 
 7/2030 46979.48 
 8/2030 40073.53 
 9/2030 17690.66 
10/2030 8840.19 
11/2030 17443.99 
12/2030 13964.66 
 1/2031 4767.21 
 2/2031 24691.39 
 3/2031 25480.40 
 4/2031 24501.57 
 5/2031 21845.89 
 6/2031 6809.88 
 7/2031 4487.01 
 8/2031 947.55 
 9/2031 208.57 
10/2031 9914.05 
11/2031 6094.48 
12/2031 1874.88 
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Table A-5: Created time series of monthly inflow to the reservoir for the period 2026-2035 for data 
Set 2 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2035 21421.93 
 2/2035 24762.50 
 3/2035 55689.03 
 4/2035 36430.47 
 5/2035 51700.38 
 6/2035 38838.70 
 7/2035 3483.48 
 8/2035 10583.31 
 9/2035 8302.09 
10/2035 438.83 
11/2035 135.91 
12/2035 20531.06 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2032 5127.32 
 2/2032 10328.34 
 3/2032 14210.29 
 4/2032 7198.33 
 5/2032 11822.72 
 6/2032 3608.06 
 7/2032 22222.60 
 8/2032 16290.81 
 9/2032 7512.05 
10/2032 5150.04 
11/2032 4639.08 
12/2032 12932.18 
 1/2033 23500.11 
 2/2033 74012.92 
 3/2033 28179.45 
 4/2033 31054.49 
 5/2033 39012.19 
 6/2033 10302.77 
 7/2033 14843.09 
 8/2033 10862.38 
 9/2033 7461.42 
10/2033 18415.81 
11/2033 13529.98 
12/2033 29518.91 
 1/2034 40761.53 
 2/2034 9811.58 
 3/2034 28236.04 
 4/2034 63352.11 
 5/2034 19414.51 
 6/2034 8615.46 
 7/2034 10729.58 
 8/2034 17423.08 
 9/2034 3124.92 
10/2034 1347.32 
11/2034 1095.12 
12/2034 19119.11 
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Table A-6: Created time series of monthly inflow to the reservoir for the period 2046-2055 for data 
Set 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2046 481.68 
 2/2046 184.12 
 3/2046 189.73 
 4/2046 95.90 
 5/2046 19.35 
 6/2046 2850.34 
 7/2046 720.14 
 8/2046 151.55 
 9/2046 0.00 
10/2046 1873.07 
11/2046 1445.56 
12/2046 8704.45 
 1/2047 23074.42 
 2/2047 36335.52 
 3/2047 49401.71 
 4/2047 14259.46 
 5/2047 11815.98 
 6/2047 34332.68 
 7/2047 4637.61 
 8/2047 6002.47 
 9/2047 4329.59 
10/2047 7892.38 
11/2047 2375.31 
12/2047 1214.52 
 1/2048 11273.47 
 2/2048 7054.21 
 3/2048 13364.96 
 4/2048 20827.67 
 5/2048 8504.27 
 6/2048 9741.86 
 7/2048 9991.47 
 8/2048 9548.41 
 9/2048 3949.69 
10/2048 6518.02 
11/2048 2107.04 
12/2048 32446.83 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2049 26058.93 
 2/2049 7614.00 
 3/2049 4763.40 
 4/2049 1779.24 
 5/2049 11618.04 
 6/2049 9179.22 
 7/2049 7197.81 
 8/2049 3077.14 
 9/2049 837.56 
10/2049 14706.92 
11/2049 11636.35 
12/2049 9072.69 
 1/2050 2584.74 
 2/2050 6587.74 
 3/2050 19738.25 
 4/2050 34381.58 
 5/2050 35228.39 
 6/2050 37965.11 
 7/2050 19148.83 
 8/2050 6967.73 
 9/2050 4366.40 
10/2050 4189.71 
11/2050 23285.40 
12/2050 55347.24 
 1/2051 49434.80 
 2/2051 17760.21 
3/2051 3106.77 
 4/2051 33753.80 
 5/2051 36752.31 
 6/2051 29706.57 
 7/2051 24206.69 
 8/2051 17138.30 
 9/2051 18530.38 
10/2051 901.32 
11/2051 31144.35 
12/2051 35836.56 
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Table A-6: Created time series of monthly inflow to the reservoir for the period 2046-2055 for data 
Set 2 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2055 3271.19 
 2/2055 4280.26 
 3/2055 531.19 
 4/2055 5986.74 
 5/2055 13280.80 
 6/2055 5931.71 
 7/2055 6808.23 
 8/2055 166.06 
 9/2055 26.09 
10/2055 30.84 
11/2055 374.63 
12/2055 747.79 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2052 33736.69 
 2/2052 9146.48 
 3/2052 12553.92 
 4/2052 2940.80 
 5/2052 5152.20 
 6/2052 1487.38 
 7/2052 1118.19 
 8/2052 10486.28 
 9/2052 7238.85 
10/2052 3980.97 
11/2052 2151.71 
12/2052 639.45 
 1/2053 2184.62 
 2/2053 5891.10 
 3/2053 2285.11 
 4/2053 3884.11 
 5/2053 13367.46 
 6/2053 8996.49 
 7/2053 10987.40 
 8/2053 18349.46 
 9/2053 1511.31 
10/2053 6429.80 
11/2053 9106.82 
12/2053 1478.13 
 1/2054 81.30 
 2/2054 0.17 
 3/2034 2527.80 
 4/2054 10788.51 
 5/2054 16509.23 
 6/2054 7773.58 
 7/2054 20067.70 
 8/2054 2094.60 
 9/2054 177.21 
10/2054 54.09 
11/2054 220.41 
12/2054 6662.22 
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Table A-7: Created time series of monthly inflow to the reservoir for the period 2066-2075 for data 
Set 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2069 23065.17 
 2/2069 17866.40 
 3/2069 15673.39 
 4/2069 13102.82 
 5/2069 16379.28 
 6/2069 9179.14 
 7/2069 16686.43 
 8/2069 1467.85 
 9/2069 1277.68 
10/2069 50.28 
11/2049 1359.42 
12/2069 366.85 
 1/2070 33.44 
 2/2070 8133.87 
 3/2070 7858.51 
 4/2070 9972.20 
 5/2070 14036.54 
 6/2070 4795.29 
 7/2070 18317.66 
 8/2070 16412.89 
 9/2070 896.75 
10/2070 331.43 
11/2070 7303.48 
12/2070 19454.69 
 1/2071 29078.35 
 2/2071 42694.39 
 3/2071 36430.73 
 4/2071 28591.40 
 5/2071 25583.99 
 6/2071 4494.36 
 7/2071 8960.20 
 8/2071 1411.95 
 9/2071 14157.42 
10/2071 8577.88 
11/2071 6973.95 
12/2071 37020.93 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2066 1763.51 
 2/2066 8417.61 
 3/2066 2955.14 
 4/2066 5814.29 
 5/2066 17713.47 
 6/2066 20318.08 
 7/2066 6534.69 
 8/2066 3148.68 
 9/2066 3697.57 
10/2066 4905.96 
11/2066 25669.09 
12/2066 45195.58 
 1/2067 23160.12 
 2/2067 38446.01 
 3/2067 40799.55 
 4/2067 33072.02 
 5/2067 44723.75 
 6/2067 51611.47 
 7/2067 28494.37 
 8/2067 11012.63 
 9/2067 23011.17 
10/2067 3124.48 
11/2067 1158.11 
12/2067 2897.25 
 1/2068 6898.95 
 2/2068 8188.82 
 3/2068 45372.87 
 4/2068 50544.17 
 5/2068 37658.13 
 6/2068 23367.57 
 7/2068 9504.35 
 8/2068 5524.16 
9/2068 13900.90 
10/2068 7616.51 
11/2068 22669.11 
12/2068 4546.37 
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Table A-7: Created time series of monthly inflow to the reservoir for the period 2066-2075 for data 
Set 2 (contd.) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2075 4123.79 
 2/2075 5101.75 
 3/2075 6566.57 
 4/2075 8143.63 
 5/2075 23347.79 
 6/2075 4111.43 
 7/2075 15139.96 
 8/2075 17498.16 
 9/2075 1267.92 
10/2075 32.05 
11/2075 173.49 
12/2075 577.84 
Month/Year Inflow to North Pine  
reservoir  (ML) 
 1/2072 74968.16 
 2/2072 59357.49 
 3/2072 50335.08 
 4/2072 15700.87 
 5/2072 29923.26 
 6/2072 15714.09 
 7/2072 893.72 
 8/2072 52.10 
 9/2072 48.21 
10/2072 467.68 
11/2072 10432.20 
12/2072 24440.92 
 1/2073 40086.06 
 2/2073 55733.01 
 3/2073 30462.65 
 4/2073 19149.26 
 5/2073 10532.42 
 6/2073 15927.15 
 7/2073 1899.76 
 8/2073 1342.40 
 9/2073 4042.66 
10/2073 4386.61 
11/2073 2804.46 
12/2073 4572.55 
 1/2074 3025.21 
 2/2074 3318.45 
 3/2074 15691.54 
 4/2074 17714.16 
 5/2074 11407.82 
 6/2074 79569.99 
 7/2074 58239.30 
 8/2074 14647.48 
 9/2074 1015.29 
10/2074 1849.65 
11/2074 784.94 
12/2074 14296.26 
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Table B-1: Initial set of data for water quality assessment 
Year Month 
TN 
(mg/l) 
TP 
(mg/l) 
TSS 
(mg/l) 
REI 
(MJ.mm/ha.hr.yr) 
Runoff volume 
(ML) 
2002 Jan 0.5 0.02 2.8 321.34 2040 
2002 Feb 0.55 0.02 3.5 309.13 606 
2002 Mar 0.56 0.02 3.6 426.51 457 
2002 Apr 0.54 0.02 4.1 96.22 560 
2002 May 0.5 0.02 2.9 101.00 0 
2002 Jun 0.49 0.02 3.9 193.19 588 
2002 Jul 0.5 0.01 6 5.30 218 
2002 Aug 0.45 0.04 1 226.18 813 
2002 Sep 0.44 0.04 4 15.48 429 
2002 Oct 0.49 0.01 7 188.08 789 
2002 Nov 0.84 0.02 4 372.09 0 
2002 Dec 0.57 0.02 6 663.55 1481 
2003 Jan 0.63 0.01 1 43.00 383 
2003 Feb 0.5 0.02 8 1618.95 10810 
2003 Mar 0.53 0.01 2 351.70 9618 
2003 Apr 0.58 0.02 4 216.67 2328 
2003 May 0.54 0.01 3 125.30 1062 
2003 Jun 0.61 0.01 4 102.79 1590 
2003 Jul 0.54 0.01 10 32.09 852 
2003 Aug 0.49 0.01 10 40.61 771 
2003 Sep 0.61 0.01 10 7.51 329 
2003 Oct 0.54 0.02 10 239.26 1365 
2003 Nov 0.52 0.01 10 76.78 676 
2003 Dec 0.5 0.01 6 751.60 2018 
2004 Jan 0.58 0.02 4 1293.11 5252 
2004 Feb 0.49 0.02 2 933.09 10933 
2004 Mar 0.57 0.02 3 2119.63 30281 
2004 Apr 0.54 0.03 3 153.24 1701 
2004 May 0.54 0.01 1 47.76 565 
2004 Jun 0.51 0.01 1 1.88 315 
2004 Jul 0.48 0.01 2 6.48 123 
2004 Aug 0.42 0.01 2 23.29 368 
2004 Sep 0.42 0.01 1 61.86 1441 
2004 Oct 0.43 0.01 2 131.00 1661 
2004 Nov 0.45 0.02 4 521.09 1701 
2004 Dec 0.47 0.02 5 796.51 1808 
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Table B-1: Initial set of data for water quality assessment (contd.) 
Year Month 
TN 
(mg/l) 
TP 
(mg/l) 
TSS 
(mg/l) 
REI 
(MJ.mm/ha.hr.yr) 
Runoff volume 
(ML) 
2005 Jan 0.56 0.02 3 702.89 1763 
2005 Feb 0.52 0.02 5 42.52 1184 
2005 Mar 0.55 0.02 6 24.87 0 
2005 Apr 0.52 0.02 5 240.41 1663 
2005 May 0.49 0.02 4 72.55 461 
2005 Jun 0.55 0.02 3 387.08 445 
2005 Jul 0.56 0.02 3 14.12 1058 
2005 Aug 0.51 0.02 3 30.15 525 
2005 Sep 0.54 0.02 3 52.89 702 
2005 Oct 0.56 0.03 3 1022.28 4414 
2005 Nov 0.54 0.02 6 619.96 5083 
2005 Dec 0.52 0.02 4 354.36 8142 
2006 Jan 0.57 0.03 3 755.50 2678 
2006 Feb 0.51 0.02 5 394.83 1201 
2006 Mar 0.52 0.02 4 316.83 3267 
2006 Apr 0.51 0.02 6 72.19 801 
2006 May 0.56 0.02 4 22.94 231 
2006 Jun 0.54 0.02 4 78.39 459 
2006 Jul 0.52 0.02 3 64.52 537 
2006 Aug 0.52 0.02 5 108.27 552 
2006 Sep 0.54 0.02 4 304.99 1125 
2006 Oct 0.5 0.02 4 47.29 480 
2006 Nov 0.55 0.02 6 194.28 1074 
2006 Dec 0.54 0.02 7 233.31 748 
2007 Jan 0.57 0.03 4 263.48 606 
2007 Feb 0.56 0.02 9 610.59 1020 
2007 Mar 0.58 0.02 7 253.39 162 
2007 Apr 0.62 0.03 5 15.42 0 
2007 May 0.64 0.02 5 60.56 153 
2007 Jun 0.72 0.03 7 321.82 227 
2007 Jul 0.78 0.02 2 1.37 57 
2007 Aug 0.84 0.02 5 515.56 2394 
2007 Sep 0.9 0.02 2 119.90 1890 
2007 Oct 0.69 0.03 5 186.09 658 
2007 Nov 0.58 0.02 3 553.88 1725 
2007 Dec 0.57 0.02 2 537.78 1280 
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Table B-1: Initial set of data for water quality assessment (contd.) 
Year Month 
TN 
(mg/l) 
TP 
(mg/l) 
TSS 
(mg/l) 
REI 
(MJ.mm/ha.hr.yr) 
Runoff volume 
(ML) 
2008 Jan 0.6 0.03 4 922.26 11850 
2008 Feb 0.67 0.03 3 1164.49 29317 
2008 Mar 0.64 0.02 4 240.34 2702 
2008 Apr 0.62 0.02 3 46.31 1250 
2008 May 0.56 0.01 2 127.94 800 
2008 Jun 0.68 0.02 2 626.50 11626 
2008 Jul 0.57 0.02 1 185.86 3408 
2008 Aug 0.59 0.01 2 2.34 1920 
2008 Sep 0.52 0.02 3 360.22 4375 
2008 Oct 0.49 0.02 1 153.86 1800 
2008 Nov 0.54 0.03 3 1263.64 19162 
2008 Dec 0.61 0.02 2 455.67 4072 
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Table B-2: Standardized set of data for water quality assessment  
Year Month 
Standardized 
TN  
Standardized 
TP  
Standardized 
TSS  
Standardized 
REI  
Standardized 
Runoff 
volume  
2002 Jan -0.67 0.09 -0.58 -0.02 -0.15 
2002 Feb -0.09 0.09 -0.27 -0.05 -0.41 
2002 Mar 0.02 0.09 -0.23 0.24 -0.44 
2002 Apr -0.21 0.09 -0.01 -0.59 -0.42 
2002 May -0.67 0.09 -0.54 -0.58 -0.53 
2002 Jun -0.79 0.09 -0.10 -0.35 -0.42 
2002 Jul -0.67 -1.41 0.83 -0.83 -0.49 
2002 Aug -1.25 3.10 -1.38 -0.26 -0.38 
2002 Sep -1.37 3.10 -0.05 -0.80 -0.45 
2002 Oct -0.79 -1.41 1.28 -0.36 -0.38 
2002 Nov 3.28 0.09 -0.05 0.11 -0.53 
2002 Dec 0.14 0.09 0.83 0.85 -0.25 
2003 Jan 0.84 -1.41 -1.38 -0.73 -0.46 
2003 Feb -0.67 0.09 1.72 3.27 1.49 
2003 Mar -0.32 -1.41 -0.94 0.05 1.27 
2003 Apr 0.26 0.09 -0.05 -0.29 -0.09 
2003 May -0.21 -1.41 -0.49 -0.52 -0.33 
2003 Jun 0.61 -1.41 -0.05 -0.58 -0.23 
2003 Jul -0.21 -1.41 2.61 -0.76 -0.37 
2003 Aug -0.79 -1.41 2.61 -0.74 -0.38 
2003 Sep 0.61 -1.41 2.61 -0.82 -0.47 
2003 Oct -0.21 0.09 2.61 -0.23 -0.27 
2003 Nov -0.44 -1.41 2.61 -0.64 -0.40 
2003 Dec -0.67 -1.41 0.83 1.07 -0.15 
2004 Jan 0.26 0.09 -0.05 2.44 0.45 
2004 Feb -0.79 0.09 -0.94 1.53 1.52 
2004 Mar 0.14 0.09 -0.49 4.54 5.14 
2004 Apr -0.21 1.59 -0.49 -0.45 -0.21 
2004 May -0.21 -1.41 -1.38 -0.72 -0.42 
2004 Jun -0.56 -1.41 -1.38 -0.83 -0.47 
2004 Jul -0.90 -1.41 -0.94 -0.82 -0.50 
2004 Aug -1.60 -1.41 -0.94 -0.78 -0.46 
2004 Sep -1.60 -1.41 -1.38 -0.68 -0.26 
2004 Oct -1.48 -1.41 -0.94 -0.51 -0.22 
2004 Nov -1.25 0.09 -0.05 0.48 -0.21 
2004 Dec -1.02 0.09 0.39 1.18 -0.19 
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Table B-2: Standardized set of data for water quality assessment (contd.) 
Year Month 
Standardized 
TN  
Standardized 
TP  
Standardized 
TSS  
Standardized 
REI  
Standardized 
Runoff 
volume  
2005 Jan 0.02 0.09 -0.49 0.95 -0.20 
2005 Feb -0.44 0.09 0.39 -0.73 -0.31 
2005 Mar -0.09 0.09 0.83 -0.78 -0.53 
2005 Apr -0.44 0.09 0.39 -0.23 -0.22 
2005 May -0.79 0.09 -0.05 -0.65 -0.44 
2005 Jun -0.09 0.09 -0.49 0.14 -0.44 
2005 Jul 0.02 0.09 -0.49 -0.80 -0.33 
2005 Aug -0.56 0.09 -0.49 -0.76 -0.43 
2005 Sep -0.21 0.09 -0.49 -0.70 -0.40 
2005 Oct 0.02 1.59 -0.49 1.76 0.30 
2005 Nov -0.21 0.09 0.83 0.74 0.42 
2005 Dec -0.44 0.09 -0.05 0.06 1.00 
2006 Jan 0.14 1.59 -0.49 1.08 -0.03 
2006 Feb -0.56 0.09 0.39 0.16 -0.30 
2006 Mar -0.44 0.09 -0.05 -0.03 0.08 
2006 Apr -0.56 0.09 0.83 -0.66 -0.38 
2006 May 0.02 0.09 -0.05 -0.78 -0.48 
2006 Jun -0.21 0.09 -0.05 -0.64 -0.44 
2006 Jul -0.44 0.09 -0.49 -0.68 -0.43 
2006 Aug -0.44 0.09 0.39 -0.56 -0.42 
2006 Sep -0.21 0.09 -0.05 -0.06 -0.32 
2006 Oct -0.67 0.09 -0.05 -0.72 -0.44 
2006 Nov -0.09 0.09 0.83 -0.35 -0.33 
2006 Dec -0.21 0.09 1.28 -0.25 -0.39 
2007 Jan 0.14 1.59 -0.05 -0.17 -0.41 
2007 Feb 0.02 0.09 2.16 0.71 -0.34 
2007 Mar 0.26 0.09 1.28 -0.20 -0.50 
2007 Apr 0.72 1.59 0.39 -0.80 -0.53 
2007 May 0.95 0.09 0.39 -0.69 -0.50 
2007 Jun 1.88 1.59 1.28 -0.02 -0.49 
2007 Jul 2.58 0.09 -0.94 -0.84 -0.52 
2007 Aug 3.28 0.09 0.39 0.47 -0.08 
2007 Sep 3.97 0.09 -0.94 -0.53 -0.17 
2007 Oct 1.53 1.59 0.39 -0.37 -0.40 
2007 Nov 0.26 0.09 -0.49 0.57 -0.21 
2007 Dec 0.14 0.09 -0.94 0.53 -0.29 
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Table B-2: Standardized set of data for water quality assessment (contd.) 
Year Month 
Standardized 
TN  
Standardized 
TP  
Standardized 
TSS  
Standardized 
REI  
Standardized 
Runoff 
volume  
2008 Jan 0.49 1.59 -0.05 1.50 1.69 
2008 Feb 1.30 1.59 -0.49 2.12 4.96 
2008 Mar 0.95 0.09 -0.05 -0.23 -0.02 
2008 Apr 0.72 0.09 -0.49 -0.72 -0.29 
2008 May 0.02 -1.41 -0.94 -0.51 -0.38 
2008 Jun 1.42 0.09 -0.94 0.75 1.65 
2008 Jul 0.14 0.09 -1.38 -0.37 0.11 
2008 Aug 0.37 -1.41 -0.94 -0.83 -0.17 
2008 Sep -0.44 0.09 -0.49 0.08 0.29 
2008 Oct -0.79 0.09 -1.38 -0.45 -0.19 
2008 Nov -0.21 1.59 -0.49 2.37 3.06 
2008 Dec 0.61 0.09 -0.94 0.32 0.23 
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Table C-1: North Pine reservoir‟s recorded monthly release data 
Month/Year Reservoir Release (ML) Month/Year Reservoir Release (ML) 
1/2002 4,751 1/2003 5,450 
2/2002 4,549 2/2003 3,856 
3/2002 5,329 3/2003 3,907 
4/2002 3,977 4/2003 3,759 
5/2002 2,094 5/2003 2,090 
6/2002 554 6/2003 228 
7/2002 676 7/2003 124 
8/2002 598 8/2003 622 
9/2002 2,988 9/2003 2,741 
10/2002 5,463 10/2003 4,472 
11/2002 4,713 11/2003 5,237 
12/2002 4,618 12/2003 5,008 
1/2004 5,212 1/2005 4,520 
2/2004 5,535 2/2005 4,419 
3/2004 5,737 3/2005 5,137 
4/2004 4,672 4/2005 4,397 
5/2004 2,714 5/2005 4,085 
6/2004 130 6/2005 3,805 
7/2004 290 7/2005 4,027 
8/2004 246 8/2005 4,128 
9/2004 3,272 9/2005 4,153 
10/2004 5,079 10/2005 3,969 
11/2004 4,080 11/2005 3,446 
12/2004 4,672 12/2005 3,587 
1/2006 3,527 1/2007 3,203 
2/2006 3,367 2/2007 2,523 
3/2006 3,136 3/2007 2,646 
4/2006 2,644 4/2007 2,252 
5/2006 2,949 5/2007 1,517 
6/2006 2,775 6/2007 332 
7/2006 2,796 7/2007 355 
8/2006 3,004 8/2007 313 
9/2006 2,706 9/2007 338 
10/2006 3,098 10/2007 403 
11/2006 2,654 11/2007 343 
12/2006 2,966 12/2007 360 
1/2008 228 1/2009 5,482 
2/2008 343 2/2009 2,114 
3/2008 3,070 3/2009 2,073 
4/2008 2,278 4/2009 1,425 
5/2008 2,316 5/2009 1,410 
6/2008 2,115 6/2009 2,690 
7/2008 1,754 7/2009 3,036 
8/2008 2,380 8/2009 1,525 
9/2008 2,356 9/2009 2,037 
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Table C-1: North Pine reservoir‟s recorded monthly release data (contd.) 
Month/Year Reservoir Release (ML) Month/Year Reservoir Release (ML) 
10/2008 1,897 10/2009 2,092 
11/2008 2,460 11/2009 1,474 
12/2008 2,918 12/2009 2,205 
1/2010 1,404 1/2011 204,000 
2/2010 1,937 2/2011 7,333 
3/2010 60,759 3/2011 8,874 
4/2010 3,733 4/2011 12,923 
5/2010 2,544 5/2011 8,845 
6/2010 3,041 6/2011 1,687 
7/2010 2,923 7/2011 903 
8/2010 993 8/2011 2,504 
9/2010 2,849 9/2011 1,940 
10/2010 61,305 10/2011 3,956 
11/2010 2,562 11/2011 4,001 
12/2010 84,443 12/2011 3,727 
1/2012 67,276   
2/2012 27,713   
3/2012 35,276   
4/2012 8,308   
5/2012 5,236   
6/2012 5,236   
7/2012 5,907   
8/2012 3,550   
9/2012 -   
10/2012 -   
11/2012 -   
12/2012 -   
 
 
 
 
 
 
 
 
 
 
